The oxidation state of deeply subducted, altered oceanic crust: an experimental study and the evidence from natural samples by Vasilyev, Prokopiy
 
 
The oxidation state of deeply 
subducted, altered oceanic crust:  
An experimental study and the 
evidence from natural samples 
 
 
 
 
Prokopiy Vasilyev  
 
 
 
A thesis submitted for the degree of  
Doctor of Philosophy of  
The Australian National University 
 
 
 
 
 
 
 
 
May 2016 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© Copyright by Prokopiy Vasilyev, 2016 
 
All Rights Reserved 
 
 
 
 
 
 
 
 
 
 
 
 
Declaration 
 
This thesis contains the results of research done in Research School of Earth 
Sciences, The Australian National University, between 2012 and 2016. All 
material presented in thesis is original and has never been accepted or 
submitted for the award of any other higher degree or graduate diploma in any 
tertiary institution. To the best of author’s knowledge and belief, the thesis 
contains no material previously published or written by another person, expect 
where otherwise acknowledged.  
 
 
 
 
 
 
Prokopiy Vasilyev  
 
Canberra 
 
May 2016 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ACKNOWLEDGEMENTS	 v		
	
	
Acknowledgements	
	
Firstly,	I	want	to	say	that	I	am	very	grateful	to	my	supervisor	–	Greg	Yaxley.	Apart	from	
being	the	best	supervisor	 in	the	world,	he	 is	an	amazing	human	being	and	a	brilliant	
scientist.	This	project	had	a	 lot	of	ups	and	downs	and	through	his	great	support	and	
encouragement	 I	 was	 able	 to	 go	 through	 all	 of	 it.	 Thank	 you	 Greg,	 for	 being	 my	
supervisor	and	giving	me	the	opportunity	to	research	this	challenging	and	interesting	
project!	
	
Special	 thanks	 go	 to	 my	 supervisory	 panel:	 Hugh	 O’Neill,	 Andrew	 Berry,	 Joerg	
Hermann.	 Their	 guidance,	 reviews	 and	 comments	 were	 always	 extremely	 helpful.	
Hugh	helped	me	a	lot	with	thermodynamic	modeling,	experiments	and	understanding	
the	 value	 of	 oxygen	 fugacity.	 I	 am	 thankful	 to	 Andrew	 for	 taking	 me	 to	 Australian	
Synchrotron	 and	 performing	 XANES	 experiments	 despite	 the	 puzzling	 nature	 of	
eclogite	garnets.		
	
I	 am	 very	 thankful	 to	 Heidi	 Höfer,	 for	 introducing	 me	 to	 her	 “flank”	 method	 and	
applying	 it	 to	 experimental	 and	 natural	 samples	 (this	 sentence	 needs	 to	 change).	
Without	precise	and	accurate	measurements	of	ferric	to	total	iron	ratios,	I	would	never	
be	able	to	calibrate	the	oxybarometer	reactions.	I	also	want	to	thank	other	people	in	
Goethe	 University,	 especially	 Alan	 Woodland	 for	 his	 support	 and	 for	 Mössbauer	
measurements	 of	 eclogite	 garnet	 standards.	 Thanks	 to	 Anja	 Rosenthal	 for	
collaboration	 in	 developing	 those	 standards;	 to	 Richard	 Arculus	 for	 supplying	 some	
African	 eclogite	 xenolith	 samples,	 to	 Andrei	 Korsakov	 for	 the	 unique	 samples	 of	
kyanite-bearing	eclogite	xenoliths	and	to	Dmitri	Zedgenizov	for	many	eclogite	xenoliths	
from	Udachanya	kimberlite	pipe.	
	
Many	 thanks	 go	 to	my	 colleagues	 in	 the	 experimental	 petrology	 laboratory.	 I	would	
never	 have	 been	 able	 to	 conduct	 all	 my	 experiments	 without	 technical	 support	 of	
vi	 ACKNOWLEDGEMENTS		
David	Clark,	Dean	 Scott	 and	David	Cassar.	 Thank	 you	 for	helping	me	with	 trying	out	
new	experiments,	new	designs	and	for	teaching	me	how	to	be	true	a	experimentalist.		
I	 also	 want	 to	 thank	 the	 team	 from	 the	 Centre	 of	 Advanced	 Microscopy	 at	 the	
Australian	 National	 University,	 especially	 Frank	 Brink	 and	 Hua	 Chen	 for	 helping	 me	
with	 measuring	 and	 taking	 beautiful	 BSE	 images	 on	 SEM.	 With	 their	 guidance	 and	
discussions	 I	 was	 able	 to	 process	 all	 data	 and	 improve	 my	 understanding	 of	
quantitative	 analysis.	 I	want	 to	 thank	Harri	 Kokkonen	 for	 helping	me	with	make	 the	
impossible	possible.	Without	your	help	I	would	never	been	able	to	perform	ultra-thin	
polishing	on	such	a	challenging	experimental	samples.	Big	hugs	to	Ulli	Troitzsch	first	of	
all	 for	 XRD	 courses	 and,	 more	 importantly,	 helping	 me	 with	 XRD	 measurements,	
including	trying	a	“guerilla”	technique	of	reflective	scanning	on	experimental	samples.	
I	 want	 to	 thank	 David	 Paterson	 from	 XFM	 beam	 line	 of	 Australian	 Synchrotron	 for	
being	so	supportive	and	helping	us	with	our	XANES	measurements.	
	
Special	 thanks	go	 to	RSES	 team	of	amazing	 staff.	 From	 the	 first	email	 I	 sent	prior	 to	
enrolment	 to	 the	 last	day	of	my	PhD,	 I	 received	endless	 support	 from	 the	best	HDR	
student	coordinator	 -	Maree	Coldrick.	Many	thanks	 to	 Josephine	Magro	 for	being	an	
amazing	 group	 administrator.	 Without	 you	 I	 would	 never	 be	 able	 to	 solve	 the	
bureaucratic	 problems	 that	 come	 with	 being	 Russian	 citizen	 abroad	J.	 Eric	 Ward,	
thank	you	for	hiring	me	as	“delivery	boy”	of	RSES	for	the	last	few	months	of	my	PhD	
and	being	such	a	cool	man.	I	want	also	to	thank	the	IT	team	of	RSES	(especially	Duncan	
Bolt)	 for	bringing	my	 laptop	back	 from	 the	despair	of	 the	blue	 screen	of	death.	And	
many	thanks	to	other	members	of	RSES	who	helped	and	supported	me	all	these	years:	
Mary	 Anne	 King,	 Mary	 Hapel,	 Joy	 McDermid	 and	 others.	 I	 want	 to	 specially	 thank	
Penny	King	and	Steve	Eggins	for	giving	me	the	opportunity	to	demonstrate	for	the	Blue	
Planet	course	so	many	times.		
	
	
	
	
	
ACKNOWLEDGEMENTS	 vii		
I	am	very	grateful	to	Sue	Kesson	for	rewarding	me	with	her	travel	grant	and	the	kind	
words	 and	 support	 I	 received	 from	 her	 afterwards.	 I	 want	 also	 to	 say	 thank	 you	 to	
former	Vice	Chancellor	of	ANU,	 Ian	Young,	 for	a	travel	grant	that	 I	spent	to	attend	a	
conference	in	Italy.	
	
And	special	thanks	go	to	Katy	Evans,	my	first	“grown	up	life”	boss.	Thanks	a	lot,	Katy,	
for	believing	in	me	and	offering	post	doc	position	even	before	I	finished	my	PhD.	
	
I	 really	 want	 to	 thank	 my	 friends	 from	 RSES.	 The	 incredible	 Kate	 Holland	 -	
housemate/colleague/friend,	 I	 will	 miss	 your	 loud	 laugh	 and	 beautiful	 smile.	 Yoga	
goddess	 Ali	 Kimbrough	 and	 her	 talented	 fiancé	 Daniel	 Becker,	 thank	 you	 for	 your	
friendship	and	your	support	for	last	few	difficult	months	of	my	PhD.	My	“French	crew”:	
Antoine	Benard	and	Marion	Louvel,	 I	will	see	you	soon	in	Yokohama	and	we	need	to	
finish	 the	 paper	 Antoine	J.	My	 officemate	 and	 close	 friends	 Paolo	 Sossi	 and	 Jason	
Doull,	it	was	great	few	years	with	you	guys	and	thank	you	for	helping	me	to	adapt	to	
the	Australian	reality	and	guiding	me	through	classic	British	humor.	Patrick	Goodarzi,	
thanks	a	lot	for	your	support	and	help,	buddy.		Kate	Kiseeva,	thank	you	for	recruiting	
me	 during	 an	 IMA	meeting	 in	 Budapest,	 you	were	my	 example	 for	 persistence	 and	
productivity.	My	dear	Shannon	Avalos,	the	most	beautiful	creature	of	the	RSES	team,	I	
hope	 you	 are	 enjoying	 South	 America.	My	 “big	 brother”	 in	 experimental	 petrology,	
Jeremy	Wykes,	thank	you	for	all	you	support	and	all	technical	discussions	we	had.	And	
I	want	 to	 thank	 guys	 for	 being	my	 friends	 for	 all	 these	 years:	 Piers,	 Thomas,	 James,	
Tazz,	Oliver,	Yana,	Arina,	Swiss	Chris,	Shayne	and	others.	Special	thanks	to	my	climbing	
crew	 for	 unforgettable	 moments	 in	 Yosemite,	 Arapiles	 and	 all	 other	 Australia,	 Ben	
Young,	Suzanne	Marselies	and	others.	
	
I	want	 to	address	my	very	 special	 thanks	 to	my	parents	 for	all	 their	endless	 support	
and	 love.	 Finally	my	 greatest	 thanks	 to	Mitchell	 Platt,	 for	 being	with	me	 and	 being	
willing	to	go	with	me	to	new	adventures	in	Perth.	
viii	 ABSTRACT		
Abstract	
	
Eclogitic	 xenoliths	 from	 kimberlites	 are	 occasionally	 diamond-bearing,	 and	 are	 often	
interpreted	as	having	an	origin	as	subducted	oceanic	crust.	The	existence	of	diamonds	
in	these	rocks	constrains	equilibrium	temperatures	and	pressures	of	some	eclogites	to	
the	upper	mantle.	However	the	additional	critical	parameter	controlling	the	stability	of	
diamonds,	oxygen	fugacity	(ƒO2),	is	poorly	constrained	in	eclogitic	assemblages.	
	
A	 series	 of	 piston-cylinder	 experiments	were	 conducted	 using	model	 carbonate	 and	
kyanite	bearing	eclogite	assemblages	to	determine	the	ƒO2	of	the	 limiting	reaction	for	
graphite	vs.	diamond:		
CaMg(CO3)2	+	2SiO2	=	CaMgSi2O6	+	2C	+	2O2			
as	a	function	of	pressure	(P=3.5-6	GPa)	and	temperature	(T=900-1300oC).		
The	oxygen	 fugacity	 in	 the	experiments	was	determined	using	Fe-Ir	 alloy	 ƒO2	 sensors	
and	a	newly	developed	Fe-Pd-based	redox	sensor	for	high-pressure	experiments.	The	
experimental	 data	 allowed	 calibration	 of	 two	 redox	 reactions	 (involving	 garnet-
clinopyroxene	 and	 garnet-kyanite)	 as	 oxybarometers	 to	 determine	 ƒO2	 of	 eclogitic	
rocks.	Both	 reactions	 can	be	used	 to	evaluate	 the	 ƒO2	of	UHP	metamorphic	 eclogites	
and	eclogite	xenoliths	from	kimberlites.		
	
The	 accuracy	 of	 the	 calculated	 ƒO2	 is	 highly	 dependent	 on	 precision	 of	 the	 garnet	
Fe3+/ΣFe	 measurements,	 which	 were	 obtained	 using	 the	 flank	 method	 and	 the	
synchrotron	based	Fe	K-edge	XANES	method.	Both	reactions	were	calibrated	and	used	
to	 estimate	 ƒO2	 of	 diamond,	 kyanite	 and	 coesite	 bearing	 eclogite	 xenoliths	 from	
Udachnaya	kimberlite	pipe,	Yakutia,	Russia.	The	relatively	high	ƒO2	of	diamond	stability	
in	 eclogite	 relative	 to	 peridotite	 at	 the	 upper	mantle	 PT	 conditions	may	 explain	 the	
higher	abundance	of	diamonds	in	eclogite	xenoliths	and	constrains	the	mechanism	of	
transport	of	carbon	to	the	deep	mantle.			
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Chapter	1.	Introduction.	
	
Redox	state	in	the	Earth’s	upper	mantle	
	
Oxygen	 fugacity	 is	one	of	 the	 key	parameters	 along	with	 temperature	and	pressure,	
which	controls	chemical	and	phase	compositions	 in	 the	mantle.	 Iron	 (Fe),	one	of	 the	
major	elements	 in	the	Earth’s	mantle,	can	exist	 in	up	to	three	oxidation	states	(0,	2+	
and	3+)	over	the	range	of	oxygen	fugacities	likely	to	be	present	in	the	Earth.	Therefore,	
the	 relative	 abundances	 of	 the	 different	 oxidation	 states	 of	 Fe	 can	 be	 used	 in	
geological	systems	to	determine	the	oxygen	fugacity,	provided	the	system	 is	suitably	
calibrated.		
	
Additionally,	 the	 oxidation	 state	 of	 the	 mantle	 controls	 the	 speciation	 of	 minor	
elements	such	as	Cr,	V,	Sc	etc.	and	more	importantly	C-O-H-bearing	fluids	and	melts.	C-
O-H-bearing	 fluids	 have	 strong	 effects	 on	 the	 mantle	 solidus	 and	 properties	 of	 the	
resulting	 melts	 and	 play	 an	 important	 role	 in	 magma	 genesis	 and	 metasomatic	
processes	(Figure	1.1)	(Ballhaus	and	Frost,	1994;	Foley,	2011;	Schmidt	and	Poli,	1998;	
Taylor	 and	 Green,	 1988).	 The	mantle	 redox	 state	 can	 affect	 the	 partitioning	 of	 H2O	
between	 fluids/melts,	 minerals	 and	 the	 stability	 of	 C-bearing	 phases	 in	 the	 Earth’s	
mantle,	 such	 as	 carbonate,	 CO2	 fluid	 and	 diamond/graphite	 (Figure	 1.2)	 (Frost	 and	
McCammon,	2008).	
	
The	 main	 sources	 of	 information	 about	 the	 oxidation	 state	 of	 Earth’s	 mantle	 are	
analytical	 data	 from	 the	 chemistry	 of	 volcanic	 rocks,	 oxybarometry	 on	 mantle	
xenoliths,	 diamonds	and	mineral	 inclusions	within	 them,	or	mantle	 rocks	exposed	 in	
peridotite	 massifs.	 These	 studies	 indicate	 that	 oxygen	 fugacity	 in	 the	 upper	 mantle	
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varies	by	several	orders	of	magnitude	both	laterally	and	vertically	(Ballhaus	and	Frost,	
1994;	 Bézos	 and	 Humler,	 2005;	 Foley,	 2011;	 Frost	 and	McCammon,	 2008;	 Simakov,	
2006).		
	
Figure	 1.1.	 From	 (Frost	 et	 al.,	 2011).	 The	 effect	 of	 volatiles	 on	 the	 peridotitic	 and	
eclogitic	solidi.	Eclogite	+	CO2	(Dasgupta	et	al.,	2004);	Peridotite	+	CO2	(Dasgupta	and	
Hirschmann,	 2006);	 Gt-pyroxenite	 (Kogiso	 et	 al.,	 2003);	 Dry	 Peridotite	 (Hirschmann,	
2000).	
	
	
Figure	1.2.	 from	(Woodland	and	Koch,	2003).	Variation	 in	C-O-H	 fluid	composition	 in	
equilibrium	with	diamond	as	a	function	of	fO2	at	6.0	GPa	and	1400oC.	
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Measurements	of	Fe3+/ΣFe	in	the	modern,	mid-ocean	ridge	basalts	formed	as	a	result	
of	partial	melting	of	the	mantle,	are	able	to	indirectly	determine	the	redox	state	of	the	
upper	 mantle.	 Analysis	 of	 MORB	 glasses	 leads	 to	 estimates	 of	 oxygen	 fugacity	 of	
0.41±0.43	 log	 units	 below	 the	 fayalite-magnetite-quartz	 buffer	 (FMQ),	 equivalent	 to	
Fe3+/ΣFe=0.12±0.02	 (Bézos	 and	 Humler,	 2005)	 (Figure	 1.3).	 This	 estimated	 Fe3+/ΣFe	
ratio	is	higher	than	the	Fe3+/ΣFe=0.07±0.03	proposed	by	(Christie	et	al.,	1986)	and	25%	
lower	 than	 ratio	 recently	 determined	 by	 XANES	 spectroscopy	 (Cottrell	 and	 Kelley,	
2011).	 The	 values	 from	 the	Cottrell	&	Kelly	 (2011)	 study	 reveal	 a	 substantially	more	
oxidized	upper	mantle	and	so	they	proposed	that	primary	MORB	melts	equilibrated	at	
the	 QFM	 buffer.	 Recently,	 higher	 oxidation	 states	 of	 the	 MORB	 source	 were	 also	
estimated	 by	 oxybarometry	 based	 on	 partitioning	 of	 Sc,	 V	 and	 Y	 along	 with	 XANES	
measurements	of	glasses	(Mallmann	and	O'Neill,	2013).	
	
Despite	the	slight	differences	all	studies	are	in	broad	agreement,	that	oxygen	fugacity	
does	 not	 vary	 significantly	 between	 the	 three	 main	 oceanic	 domains,	 nor	 between	
enriched	and	depleted	MORB.	Moreover	parameters	sensitive	to	the	degree	of	partial	
melting,	such	as	Na8.0	show	little	correlation	with	Fe3+/ΣFe	ratios	at	the	range	of	partial	
melting	of	between	6%	and	20%	(Bézos	and	Humler,	2005).	Intensively	altered	ancient	
basalts	 do	 not	 retain	 the	 primary	 Fe3+/ΣFe	 ratio.	 However	 concentrations	 of	 trace	
elements	with	a	number	of	oxidation	states,	 such	as	V,	Eu	and	Sc	 in	magmatic	 rocks	
are	less	affected	by	alteration	processes	and	remain	constant.	Thus	concentration	and	
the	 partition	 coefficients	 of	 trace	 elements	 in	 the	 source	 rocks	 could	 be	 potentially	
used	to	calculate	ƒO2	of	melting	process	of	ancient	oceanic	crust.	
	
Estimated	oxygen	fugacities	of	abyssal	peridotites,	which	are	MORB	mantle	residues	lie	
between	3	and	0	log	units	below	FMQ	(Wood	et	al.,	1990)	(Figure	1.3),	making	them	
slightly	reduced	relative	to	MORB	glasses.		
	
If	primitive	volcanic	 rocks	are	usually	 found	 to	 lie	 in	a	narrow	oxygen	 fugacity	 range	
around	the	fayalite-magnetite-quartz	(FMQ)	oxygen	buffer,	mantle	peridotite	samples	
(from	mantle	 xenoliths	 or	 peridotite	massifs)	 cover	 a	 greater	 range	 at	 lower	 oxygen	
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fugacities	 between	 the	 FMQ	 and	 iron-wustite	 (IW)	 buffers	 (Figure	 1.3)	 (Wood	 and	
Virgo,	1989;	Woodland	et	al.,	2006).	
	
Oxygen	 thermobarometry	 measurements	 of	 spinel	 peridotites	 (mantle	 depths	
between	30	and	60	km)	from	different	tectonic	settings	shows	that	ƒO2	generally	falls	
between	ΔFMQ-2	and	+2	log	units	(Brandon	and	Draper,	1996;	Canil	and	Scarfe,	1990;	
Grégoire,	 2001;	 Ionov	 and	 Wood,	 1992;	 Wood	 and	 Virgo,	 1989;	 McPherson	 et	 al.,	
1996;	Woodland	et	al.,	2006;	1992)		(Figure	1.3).		
	
For	 spinel	peridotites	oxygen	 fugacity	 is	 calculated	 through	 the	 relation	of	 ƒO2,	Gibbs	
free	energy	and	activity	of	phases	in	reactions	6Fe2SiO4+O2=3Fe2Si2O6+2Fe3O4	(Nell	and	
Wood,	 1991),	 3Fe2SiO4+O2=2Fe3O4+3SiO2	 (Ballhaus	 et	 al.,	 1991),	
Mg2SiO4+SiO2=Mg2Si2O6	(O'Neill	and	Wall,	1987).	These	reactions	are	now	sufficiently	
well	 calibrated	 to	be	useful	 and	 reliable	as	oxybarometers	 for	 spinel	peridotites.	 For	
instance,	 two	 independent	 experimental	 calibrations	 (Ballhaus	et	 al.,	 1990;	Wood	et	
al.,	 1990),	 based	 on	 the	 same	 Cr-Al	 correction	 and	 temperature	 and	 pressure	
dependence	relative	to	the	FMQ	equilibrium,	show	relatively	close	results	(0.3	to	0.4	
FMQ	log	units)	(Ballhaus,	1993).	However	determination	of	ƒO2	using	these	calibrations	
at	 low	 temperatures,	 high	 pressures	 or	 high	 Cr	 content	 in	 spinel	 might	 scatter	
calculated	fO2	values	by	up	to	2	log	units	(McCammon	and	Kopylova,	2004).		
	
Calculation	of	oxygen	fugacity	in	the	spinel	peridotites	from	peridotite	massifs,	such	as	
those	 in	 the	 Pyrenees	 and	 xenoliths	 from	 the	 subcontinental	 lithospheric	 mantle	
shows	higher	values	 than	abyssal	peridotites	 (Figure	1.3).	 Such	a	discrepancy	 can	be	
related	 to	metasomatic	 processes	 in	 lithosphere,	which	 is	 initially	 as	 reduced	 as	 the	
asthenosphere,	but	over	time	becomes	oxidized	(Brandon	and	Draper,	1996).	
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Figure	 1.3.	 from	 (Frost	 and	 McCammon,	 2008)	 Variation	 of	 oxidation	 states	 in	 the	
mantle	rocks	as	a	function	of	tectonic	settings.		Oceanic	group	are	ƒO2	measurements	
of	MORB	glasses	and	abyssal	peridotites	(Bézos	and	Humler,	2005;	Wood	et	al.,	1990).	
Other	calculations	are	made	for	spinel	peridotite	assemblages	and	group	by	the	same	
tectonic	 settings,	peridotite	massifs	 (McPherson	et	al.,	 1996;	Woodland	et	al.,	 1992;	
2006),	 xenoliths	 from	 the	 continental	 lithosphere	 (Ionov	 and	 Wood,	 1992),	 and	
xenoliths	from	subduction	settings	(Brandon	and	Draper,	1996;	Canil,	1990;	Grégoire,	
2001;	Wood	and	Virgo,	1989).	
	
The	oxidation	state	of	deeper	levels,	of	the	upper	mantle,	is	mainly	determined	using	
garnet	 peridotite	 xenoliths	 from	 cratonic	 lithosphere.	 Oxygen	 fugacity	 of	 garnet	
peridotites	 in	kimberlite	magmas	generally	have	 lower	values	 than	spinel	peridotites	
and	 show	 a	 greater	 range	 of	 ƒO2	between	 FMQ	and	 FMQ-5,	with	most	 values	 falling	
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between	FMW	-2	and	FMQ	-4	(Figure	1.4)	(Frost	and	McCammon,	2008;	Yaxley	et	al.,	
2012).	
	
The	whole-rock	 Fe3+/ΣFe	 value	 in	 garnet	 peridotites	 show	 similar	 values	 as	 in	 spinel	
peridotites,	 the	 garnet	 Fe3+/ΣFe	 ratios	 are	 between	 2%	 and	 14%	 (Canil	 and	 O'Neill,	
1996).	Oxygen	fugacity	calculations	for	garnet	peridotites	are	mainly	performed	using	
the	equation	(Gudmundsson	and	Wood,	1995):	2Fe3Fe2Si3O12	=	4Fe2SiO4	+	2FeSiO3	+	O2.		
Using	 this	 equation	 has	 two	 complications:	 thermodynamic	 data	 for	 the	 skiagate	
component	Fe3Fe2Si3O12	is	not	well	constrained	(Woodland	and	O'Neill,	1993)	and	the	
volume	 change	 for	 the	 equation	 is	 positive	 (8.6	 cm3	 mol-1),	 which	 means	 pressure	
favors	 the	 stability	 of	 skiagite	 (Gudmundsson	 and	 Wood,	 1995).	 Thus,	 the	 volume	
change	of	the	equilibrium	can	explain	the	general	trend	of	decreasing	oxygen	fugacity	
with	increasing	depth	for	garnet	peridotites	(Figure	1.4)	(Frost	and	McCammon,	2008).	
	
Figure	 1.4.	 from	 (Frost	 and	 McCammon,	 2008)	 Oxygen	 fugacities	 relative	 to	 FMQ	
calculated	 for	 garnet	 peridotite	 rocks	 from	 the	 cratonic	 lithosphere	 as	 a	 function	 of	
pressure.	 Kaapval	 craton	 (Luth	et	 al.,	 1990;	McCammon	et	 al.,	 2001;	Woodland	 and	
Koch,	 2003);	 Slave	 Craton	 (McCammon	 and	 Kopylova,	 2004);	 Fennoscandian	 Shield	
(Kukkonen	and	Peltonen,	1999);	Vitim	Plateau	(Frost	and	McCammon,	2008).	Equation	
6	is	Garnet	=	Olivine	+	Orthopyroxene		+O2	(Gudmundsson	and	Wood,	1995).	
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However	 an	 experimental	 study	 which	 employed	 noble	 metal	 redox	 sensor	 testing	
showed	that	experimental	calibration	of	the	reaction	skiagite	=	4fayalite	+	2ferrosillite	
+	O2	by	(Gudmundsson	and	Wood,	1995)	does	reproduce	ƒO2	recorded	by		experiments	
at	P>3GPa	(Stagno	et	al.,	2014).	Stagno	et	al.	(2014)	calibrated	the	alternative	reaction	
2Ca3Fe2Si3O12	 +	 2Mg3Al2Si3O12	 +	 4FeSiO3	 =	 2Ca3Al2Si3O12	 +	 4Fe2SiO4	 	 +	 6MgSiO3	 +	O2	
(Almandine	+	Pyrope	+	Ferrosillite	=	Grossular	+	Fayalite	+	Enstatite	+	Oxygen)	which	
estimates	oxygen	fugacities	of	garnet	peridotites	to	be	at	least	1	log	unit	more	oxidized	
than	previous	calculations	at	P>3	GPa,	and	to	lie	between	ΔFMQ-2	and	ΔFMQ-3.5.		
	
Thermodynamic	 calculations	 (Ballhaus,	 1995)	 and	 experimental	 studies	 (Frost	 et	 al.,	
2004;	Rohrbach	et	al.,	2007)	demonstrate	that	ƒO2	decreases	with	increasing	pressure	
and	 so	 (Fe,Ni)-metal	 possibly	 becomes	 stable	 at	 ~250	 km	 depth	 (>8	 GPa)	 (Figure	
1.5)(Rohrbach	 and	 Schmidt,	 2011).	 In	 the	 case	 of	 metal	 saturation	 with	 depth,	 the	
redox	state	of	the	deep	mantle	becomes	narrowly	constrained.	ƒO2only	can	vary	from	
values	around	 IW	buffer	when	mantle	phases	and	Ni-rich	metals	are	equilibrated,	 to	
1.5	 log	 units	 below	 IW	 where	 the	 metal	 in	 equilibrium	 would	 be	 almost	 pure	 iron	
(Rohrbach	and	Schmidt,	2011).	
	
Figure	 1.5.	 from	 (Rohrbach	 and	 Schmidt,	 2011)	 Potential	 mantle	 ƒO2	 (red	 line)	 and	
redox	buffer	 capacity	 (blue	 line)	 as	 function	of	 depth.	 Change	 in	 redox	 control	 from	
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Fe2+/Fe3+	 in	 the	 upper	mantle	 to	 Fe0-FeO	 provides	 a	 considerable	 gain	 in	 ƒO2	 buffer	
capacity.	
Analytical	 data	 from	 natural	 mantle	 samples	 along	 with	 experimental	 studies	
demonstrate	 significant	 heterogeneity	 of	 oxygen	 fugacity	 values	 within	 lithospheric	
and	asthenospheric	mantle.	Moreover	the	redox	state	of	altered	oceanic	crust	at	the	
surface	 is	 estimated	 to	 be	 between	 ΔFMQ-1	 and	 ΔFMQ	 while	 oxygen	 fugacities	 of	
deep	 ambient	 mantle	 show	 much	 lower	 values.	 Due	 to	 subduction,	 oxidized	
components	 of	 the	 altered	 oceanic	 crust	 are	 carried	 to	 deep	 levels	 of	 the	 Earth’s	
mantle,	 in	 some	 cases	 as	 deep	 as	 the	mantle	 Transition	 Zone	 or	 lower	mantle.	 This	
leads	 to	 a	 key	 question	 -	 does	 the	 subducting	 slab	 remain	 oxidized	 under	 such	
conditions	or	does	the	reduced	effect	of	the	upper	mantle	conditions	change	chemical	
or	phase	compositions	and	the	redox	state	of	carbon-bearing	eclogitic	reservoirs?	
	
Redox	state	of	carbon	in	the	Earth’s	upper	mantle	
	
Carbon	 along	 with	 oxygen,	 hydrogen	 and	 sulphur	 (C-O-H-S	 bearing	 phases)	 notably	
contribute	to	controlling	the	redox	state	of	the	Earth’s	mantle.	Although	some	studies	
suggested	 that	 carbon	 may	 completely	 buffer	 ƒO2	 (as	 a	 CCO	 buffer)	 (Blundy	 et	 al.,	
1991),	 typical	 C	 contents	 are	 not	 high	 enough	 to	 buffer	 perturbations	 arising	 from	
other	 components	 (Canil	 et	 al.,	 1994).	 In	 general	 C-O-H-S	 species	 are	 therefore	
believed	 to	 respond	 to	 changes	 in	 ƒO2,	 rather	 than	buffering	 them	 (Woodland	et	 al.,	
2006).	However	C-O-H-S	species	may	influence	mineral	and	melt	compositions	during	
partial	 melting,	 and	 also	 during	 metasomatic	 processes,	 including	 the	 formation	 of	
diamonds	(Figure	1.1).	
	
Carbon	 is	 a	 key	 element	 in	 redox	melting,	 which	 can	 cause	melt	 production	 in	 the	
upper	mantle.	The	redox	melting	mechanism	is	usually	referred	as	“redox	melting	by	
hydration”	 (HRM)	 (Foley,	 2011)	 and	 operates	 in	 relatively	 reduced	 conditions	 (IW	
buffer)	at	cratonic	lithosphere	conditions	(Figure	1.6).	Melting	is	an	indirect	product	of	
the	 oxidation	 of	 methane	 to	 form	 water	 and	 solid	 carbon:	 CH4	 +	 O2	 =	 2H2O	 +	 C.	
Subsequently	the	increase	in	the	activity	of	water	results	in	a	decrease	of	the	melting	
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temperature	 by	 hundreds	 of	 degrees	 (Green,	 1973).	 Such	melting	 processes	 can	 be	
expected	to	occur	in	deeper	levels	of	the	mantle	(150-250	km),	except	directly	below	
mid-ocean	ridges	where	this	may	operate	at	shallower	levels	(Foley,	2011). 	
Furthermore,	formation	of	free	carbon	as	a	result	of	oxidation	of	the	methane	below	
mid-ocean	 ridges	 can	cause	possible	 changes	of	oxidation	 state	of	 the	MORB	source	
during	 decompression.	 Typical	 estimated	MORB	 source	 carbon	 contents	 (30	 p.p.m.)	
(Dasgupta	and	Hirschmann,	2010)	are	reported	to	be	sufficient	to	reduce	the	Fe3+/ΣFe	
by	 1%	 and	 as	 a	 result	 adjust	 the	 oxidation	 state	 of	 resulting	 CO2-bearing	mid-ocean	
ridge	basalts	(Stagno	et	al.,	2014).	
	
A	second	mechanism	of	redox	melting	of	peridotite	can	occur	as	a	result	of	a	change	in	
fO2	in	the	presence	of	H2O	and	CO2		(Redox	melting	by	carbonation)	(Foley,	2011).	Such	
a	 mechanism	 of	 melting	 can	 occur	 in	 presence	 of	 water	 fluid	 saturated	 in	 carbon	
(graphite	or	diamond)	and	an	increase	in	ƒO2	caused	by	possible	infiltration	of	fluids	or	
melts	 along	 cracks	 in	 the	 lithosphere,	 or	 along	 grain	 boundaries	 in	 the	 convecting	
mantle,	or	by	juxtaposition	of	blocks	with	contrasting	oxygen	fugacities	by	geodynamic	
movements.	Numerous	experimental	studies	on	peridotite	in	the	presence	of	both	H2O	
and	CO2	indicated	that	the	solidus	is	lower	for	the	mixed	volatile	phase	with	respect	to	
either	 CO2	 or	 H2O	 alone	 (Canil	 and	 Scarfe,	 1990;	 Dasgupta	 and	 Hirschmann,	 2010;	
Foley,	2011).	The	estimated	solidus	curves	mean	that	CRM	melting	is	likely	to	occur	in	
the	 lower	 reaches	 of	 cratonic	mantle	 lithosphere	 and	 at	 significantly	more	 oxidized	
conditions	(FMQ	–	1.5	to	FMQ	–	0.5)	compared	to	HRM	melting,	and	it	occurs	 in	the	
presence	of	relatively	large	amounts	of	carbon	(Figure	1.3).		
	
The	subducted	lithosphere	is	generally	more	oxidized	than	the	surrounding	mantle	and	
likely	 contains	 a	 large	 amount	 of	 carbon.	 As	 a	 result	 of	 the	 interaction	 of	 recycled	
oxidized	 lithospheric	 blocks	 from	 subduction	 with	 the	 ambient	 relatively	 reduced	
mantle,	redox	melting	might	be	a	common	process	in	the	convecting	upper	mantle.	
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Figure	 1.6.	 from	 (Foley,	 2011).	 Regions	 of	 operation	 of	 the	 two	 redox	 melting	
mechanisms	 in	 pressure-ƒO2	 space.	 The	 blue	 area	 indicates	 reduced,	 CH4-bearing	
conditions,	 and	 green	 indicates	 oxidized	 CO2	 bearing	 conditions.	 The	 pale	 yellow	
indicates	an	area	of	water	saturated	with	carbon.	The	lines	for	asthenosphere,	cratonic	
mantle,	 continental	 lithosphere	 and	 supra-subduction	 zone	 mantle	 have	 a	 slope	
corrected	 of	 0.7	 ΔFMQ	units	 per	 GPa	 (Ballhaus	 and	 Frost,	 1994).	 CRM	 is	 unlikely	 at	
lower	lithosphere	levels	and	may	be	important	in	subduction	zones.	In	contrast,	much	
of	the	mantle	at	depths	of	100-300	km	will	be	close	to	the	ƒO2	of	operation	of	the	HRM	
mechanism.	
	
Diamonds	 in	 mantle	 xenoliths	 likely	 formed	 due	 to	 metasomatic	 processes.	 These	
processes	must	 involve	either	 reduction	of	CO2-rich	 fluids/melts	or	oxidation	of	CH4-
rich	 fluids,	 both	 of	 which	 are	 highly	 dependent	 on	 the	 oxidation	 state	 of	 the	 local	
environment	 (Frost	and	McCammon,	2008).	Thus	mantle	 fO2	is	an	 important	variable	
(additional	to	P-T)	controlling	diamond/graphite	stability.		
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In	peridotite	assemblages,	diamond/graphite	versus	carbonate	stability	is	determined	
by	buffering	reactions	such	as	EMOD/G	in	harzburgitic	assemblages:	MgSiO3	+	MgCO3	
=	 Mg2SiO4	 +	 C	 +	 O2	 (enstatite	 +	 magnesite	 =	 olivine	 +graphite/diamond	 +	 oxygen)	
(Eggler	 and	 Baker,	 1982),	 in	 lherzolitic	 assemblages	 by	 EMFDD:	 3MgSiO3	 +	 CaCO3	=	
Mg2SiO4	 +	 CaMgSi2O6	 +	 C	 +	 O2	 (enstatite	 +	 calcite	 =	 olivine	 +	 diopside	 +	
graphite/diamond	 +	 oxygen)	 (Dalton	 and	 Wood,	 1993;	 Luth,	 1993).	 However	 the	
carbonation	 reactions	 appropriate	 for	 olivine-free	 mantle	 assemblages,	 such	 as	
eclogites,	 differ	 from	 those	 for	 olivine-bearing	 assemblages	 and	 need	 to	 be	
experimentally	determined.		
	
Carbon	in	the	subducting	oceanic	lithosphere	
	
According	 to	 the	 seismic	 tomography	 of	 the	 Earth	 interior	 subducting	 slabs	 can	
descend	 beyond	 the	 upper	 mantle	 and	 may	 sometimes	 stagnate	 at	 transition	 zone	
levels,	 or	 further	 pass	 through	 the	 transition	 zone	 and	 penetrate	 the	 lower	mantle	
(Kennett	et	al.,	1998).	Subduction	of	 the	altered	basaltic	oceanic	crust	 is	 responsible	
for	the	transport	of	a	large	amount	of	carbon,	as	a	carbonate,	to	the	deep	levels	of	the	
Earth. 	
	
Annually	 around	 2.3-2.7x1012	 mol	 of	 carbon	 are	 fixed	 in	 the	 oceanic	 crust	 due	 to	
hydrothermal	processes.	Most	of	this	carbon	resides	in	the	upper	few	hundred	meters	
of	 the	 crust	 (Alt,	 1998)	 resulting	 in	 a	 carbonated	 zone	 consisting	 of	 about	 3	 wt.%	
calcite	in	altered	basaltic	crust.	Part	of	this	carbon	is	believed	to	return	to	the	surface	
during	arc	volcanism	above	the	subduction	zone	(Sano	and	Williams,	2012).	However	
thermodynamic	 models	 suggest	 that	 processes	 of	 decarbonation	 occurs	 at	 much	
deeper	levels	than	areas	below	arc	zones	(Connolly,	2005;	Kerrick	and	Connolly,	2006).	
Also,	mass	balance	between	subducted	carbon	 in	various	slab	areas	and	 the	carbon-
bearing	outcoming	 flux	of	 the	supra-arc	volcanics	 indicates	deep	recycling	of	carbon.	
(Dasgupta	 and	 Hirschmann,	 2010).	 	 Thus	 a	 significant	 amount	 of	 carbon	 should	 be	
retained	 in	 the	 slab	 and	 transported	 to	 great	 depths	 in	 the	 mantle,	 rather	 than	 to	
supply	arc	volcanoes.	
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Experimental	 investigations	showed	that	carbonate	in	the	subducting	slab	crystallizes	
as	part	of	carbonate	eclogite	at	2.0	GPa<P<17GPa	or	carbonate	garnetite	at	P>17GPa	
(Dasgupta	 et	 al.,	 2004;	 2005;	 Hammouda,	 2003;	 Kiseeva	 et	 al.,	 2013;	 Litasov	 et	 al.,	
2012;	Yaxley	and	Brey,	2004).	The	studies	on	carbonate	eclogites	reported	a	variety	of	
solidus	temperatures	and	shapes,	due	to	bulk	compositional	differences,	such	as	Mg#,	
Ca#	and	Na2O,	K2O,	and	presence	of	the	water.	These	phase	relations	are	reasonably	
well-constrained	 according	 PT-parameters,	 but	 so	 far	 the	 effects	 of	 oxygen	 fugacity	
have	not	been	investigated.		
	
This	experimental	 study	aims	 to	clarify	 this	phenomena	by	 investigating	 the	 reaction	
CaMg(CO3)2	+2SiO2	=	CaMgSi2O6	+2C	+2O2	(dolomite	+	coesite	=	diopside	+	diamond	+	
oxygen)	which	defines	the	stability	limit	of	carbonate	relative	to	diamond	in	carbonate	
coesite	eclogite	assemblages	(Luth,	1993).	
	
Thesis	proposal	
	
My	project	 investigates	 the	 effects	 of	 oxygen	 fugacity	 on	diamond	 versus	 carbonate	
stability	in	carbonate	eclogites	(former	altered	oceanic	crust)	during	deep	subduction.		
The	main	part	of	my	PhD	project	 is	 to	use	high-pressure	experimental	 techniques	 to	
determine	the	reaction	
	
CaMg(CO3)2	+2SiO2	=	CaMgSi2O6	+2C	+2O2,	
Dolomite	+		coesite	=		diopside			+		diamond/graphite	
	
using	 natural	 complex	 compositions	 as	 a	 function	 of	 pressure,	 temperature,	
composition,	 and	oxygen	 fugacity	 (Luth,	 1993).	 This	will	 lead	 to	an	understanding	of	
the	effects	of	 oxygen	 fugacity	on	 the	 relative	 stabilities	of	 carbonate	 vs.	 diamond	 in	
carbon-bearing	eclogites	at	upper	mantle	conditions,	and	will	allow	prediction	of	 the	
behavior	of	deeply	subducted	carbon.		
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Aims		
	
Technical	aspects	of	this	research	will	be	mainly	based	on	high-pressure	experimental	
petrology.	 An	 experimental	 series	 on	 carbonate	 eclogites	 in	 equilibrium	 with	
graphite/diamond	will	be	conducted	at	various	pressure	and	temperature	conditions	in	
a	piston-cylinder	apparatus.	The	oxygen	fugacity	will	be	monitored	with	Fe	and	noble	
metal	alloy	ƒO2	sensors	during	the	experimental	run.		
	
The	 major	 aim	 of	 the	 project	 is	 the	 development	 of	 an	 oxybarometer	 reaction	 for	
eclogite	assemblages	since,	 the	DCDD/G	reaction	doesn’t	describe	the	redox	state	of	
garnet	and	clinopyroxene.	Subsequently	reactions	based	on	reduction	and	oxidation	of	
the	 Fe-bearing	 end-members	 of	 garnet	 and/or	 clinopyroxene	 could,	 if	 calibrated,	
define	 the	 oxygen	 fugacity	 of	 the	 subducting	 altered	 oceanic	 crust	 at	 deep	 mantle	
conditions.		
	
Finally	 we	will	 apply	 the	 calibrated	 oxybarometer	 reactions	 to	 potentially	 diamond-
bearing	eclogite	xenoliths	from	kimberlite	pipe	to	study	the	mechanism	and	conditions	
of	diamond	formation	from	carbonates	in	carbonate-bearing	eclogites.	
	
	
	
Thesis	structure	
	
Chapter	 2.	 Experiments	with	 variable	 carbonate	 eclogite	 compositions	 at	 various	 PT-
conditions	
The	main	aim	of	experiments	with	 compositionally	 variable	 carbonate	eclogites	 is	 to	
constrain	 DCDD/G	 reaction	 in	 carbonate	 eclogites.	 Mixtures	 of	 synthetic	 garnet,	
clinopyroxene,	coesite	and	dolomite	run	in	graphite	capsules	ensure	that	this	reaction	
is	buffering	fO2.		
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Chapter	3.	Noble	metal	alloys	as	redox	sensors	in	high	PT	experiments.	The	calibration	
of	Fe-Pd	alloys	as	a	ƒO2	sensor.	
Fe	and	noble	metal	 alloys	monitor	oxygen	 fugacity	during	 the	experimental	 run.	 For	
various	reasons	conventional	Fe-Ir	alloy	is	not	suitable	ƒO2	sensor	for	carbonate	eclogite	
assemblage.	 Alternatively,	 we	 employed	 Fe-Pd	 alloy	 in	 this	 project	 to	 monitor	 ƒO2	
during	the	high-pressure	experiment.	Thermodynamic	modeling	and	calibration	of	Fe-
Pd	alloy	as	ƒO2	sensor	are	outcomes	of	the	project.	
	
Chapter	4.	XANES	measurements	of	ferric	iron	in	eclogite	garnets		
The	redox	state	of	experimental	eclogite	assemblage	is	defined	by	the	redox	state	of	
iron	in	garnets	(or	Fe3+/ΣFe	ratio).	In	this	chapter	we	describe	the	XANES	technique	and	
the	calibration	of	the	technique	to	measure	Fe3+/ΣFe	ratio	of	eclogite	garnets.		
	
Chapter	5.	The	Flank	Method	for	determination	of	Fe3+	in	garnet	and	clinopyroxene	
The	microprobe-based	‘flank’	method	is	employed	to	determine	the	ferric	iron	content	
of	 experimental	 and	 natural	 garnets	 and	 clinopyroxenes.	 The	 chapter	 consists	 of	
method	description,	the	results	of	analyses	and	data	processing	to	estimate	Fe3+/ΣFe	
ratio	in	garnet	samples.	
	
Chapter	 6.	 Thermodynamic	 modeling	 of	 an	 oxybarometer	 for	 eclogite:	 Garnet-
clinopyroxene	and	garnet-kyanite	redox	reactions	
In	this	chapter	we	present	thermodynamic	constraints	for	oxybarometer	reactions	for	
eclogite	 assemblages.	 These	will	 include	 the	 thermodynamic	 properties	 of	 reactions	
and	activity-composition	models	of	garnet	and	clinopyroxene.		
	
Chapter	7.	Experimental	calibration	of	oxybarometer	reactions		
Use	of	 redox	 sensors	 (Ir,	 Pd	metals)	 and	 the	 addition	of	 kyanite	 to	 the	 assemblages	
allows	 determination	 of	 the	 ƒO2	 in	 the	 experimental	 assemblages.	 The	 values	 of	 the	
monitored	 ƒO2	 are	 employed	 to	 calibrate	 thermodynamic	 models	 of	 oxybarometer	
reactions	 for	 eclogites:	 Garnet-clinopyroxene	 and	 garnet-kyanite	 redox	 reactions.	 In	
this	 chapter	 we	 present	 results	 of	 activity	 calculations	 of	 experimental	 garnet	
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components	 based	 on	 quantitative	 and	 flank	 method	 analyses.	 Also,	 hedenbergite	
activities	for	experimental	garnets	are	estimated.	
	
Chapter	8.	The	application	of	oxybarometer	reactions	to	natural	samples.	
This	 chapter	 consists	 of	 three	 parts:	 the	 test	 of	 two	 oxybarometer	 reactions	 on	
kyanite-bearing	 eclogite	 xenoliths,	 the	 constraint	 of	 DCDD/G	 reaction	 from	
experimental	data	and	 the	P-T-fO2	properties	of	xenoliths	 from	Udachanya	kimberlite	
pipe.		
	
	
	
	
	
 
	
  
 
Chapter	2.	Experimental	study	of	the	effect	of	oxygen	fugacity	
on	diamond	versus	carbonate	in	carbon-bearing	eclogites	
during	deep	subduction	
	
Introduction	
The	 carbon	 saturation	 of	 the	 altered	 oceanic	 crust	 has	 a	 significant	 effect	 on	 the	
oxidation	 state	 of	 subducting	 carbonate	 eclogite.	 Along	with	 ferric/ferrous	 iron,	 the	
speciation	of	carbon,	such	as	carbonate,	CO2	fluid,	graphite/diamond	or	CH4,	responds	
to	 the	 oxygen	 fugacity	 of	 the	 host	 carbon-bearing	 eclogites	 (Foley,	 2011).	 Currently	
there	 is	 a	 lack	 of	 information	 about	 the	 redox	 state	 of	 the	 carbon-bearing	 eclogites	
during	subduction.	
	
The	experiments	described	here	aim	 to	 investigate	 the	effects	of	oxygen	 fugacity	on	
the	stability	of	phases	 in	carbon-bearing	eclogite	during	subduction.	The	main	aim	of	
this	experimental	series	of	compositionally	variable	carbonate	eclogites,	is	to	constrain	
the	reaction	coesite	+	Ca-Mg	carbonate	=	diopside-rich	clinopyroxene	+	C	+	O2	(Luth,	
1993)	 	 in	 pressure–temperature-oxygen	 fugacity-composition	 space.	 	 This	 reaction	
limits	 diamond/graphite	 stability	 at	 the	 expense	 of	 carbonate	 in	 silica-oversaturated	
eclogite	 assemblages	 (Luth,	 1993).	 Assemblages	 of	 garnet,	 clinopyroxene,	 coesite,	
kyanite	and	carbonate	in	graphite	capsules	ensure	that	this	reaction	is	buffering	ƒO2	in	
the	 experiments.	 The	 use	 of	 redox	 sensors	 (Fe-Ir	 and	 Fe-Pd	 alloys)	 and	 addition	 of	
kyanite	 to	 the	 assemblages	will	 allow	 determination	 of	 the	 ƒO2	in	 the	 assemblage	 at	
every	 PT	 condition	 (see	 Chapter	 3).	 The	 addition	 of	 synthetic	 garnet	 layer	 in	 the	
experimental	 design	 allows	 to	 grow	 large	 crystals	 of	 garnet	 and	 determine	 Fe3+/∑Fe	
ratio	 of	 experimental	 garnets	 with	 XANES	 technique	 (Chapter	 4).	 Following	 with	
precise	and	accurate	determination	of	 the	Fe3+/∑Fe	 ratio	of	experimental	garnets	by	
the	 flank	 method,	 which	 allows	 development	 and	 calibration	 of	 an	 oxybarometer	
applicable	to	eclogite	assemblage	(Chapters	6	and	7).			
In	 this	 chapter	 we	 present	 a	 description	 of	 the	 experimental	 series	 with	 carbonate	
eclogites	 buffered	 by	 graphite	 and	 carbonate	 and	 the	 results	 of	 analytical	 study	 of	
experimental	run	products.	
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Experimental	and	analytical	procedures	
	
Starting	composition	and	preparation	
The	 compositions	 used	 for	 the	 experiments	 were	 based	 on	 mixes	 of	 garnet,	
clinopyroxene,	 coesite,	 kyanite	 and	 carbonates	 in	 varying	 proportions.	 The	 bulk	
compositions	of	the	mixes	model	one	of	the	modified	analogues	of	the	altered	oceanic	
crust	(MORB)	with	addition	of	carbonates	(either	calcite	or	dolomite)	(Table	2.1).	This	
composition	 of	 average	 MORB	 was	 calculated	 from	 80	 reported	 (carbonate	 free)	
analyses	 of	 altered	 ocean	 floor	 basalts	 and	 greenschists	 from	 ophiolites	 and	 the	
Franciscan	 (Yaxley	 and	 Green,	 1994).	 The	 kyanite	 presence	 in	 the	 experimental	
composition	allows	to	constrain	additional	redox	reactions	with	kyanite	phase,	which	
helps	 to	measure	oxygen	 fugacity	 in	 the	experimental	eclogite	system	(Stagno	et	al.,	
2015).	
	
Altered	 basaltic	 crust	 is	 reported	 to	 have	 at	 least	 3	wt%	 calcite	 (Alt,	 1998),	 but	 this	
carbonate	 is	 heterogeneously	 distributed	 on	 a	 variety	 of	 length	 scales.	 The	
experimental	 composition	 contains	 at	 least	 10	 wt%	 of	 carbonate	 to	 aid	 in	 the	
detection	 of	 minor	 carbonate	 phases	 in	 run	 products.	 The	 model	 composition	 of	
carbonate	 eclogite	 -	 GA1+10%cc	 composition	 was	 first	 used	 by	 Yaxley	 and	 Green	
(1994)	 (Table	 2.1).	 The	 phase	 relations	 and	melting	 temperatures	 as	 a	 function	 of	 P	
and	 T	 for	 GA1+10%calcite	 are	 well	 constrained.	 Experiments	 with	 water-saturated	
carbonate	eclogite	showed	that	 the	solidus	 lies	between	700	oC	and	750	oC	over	 the	
pressure	 interval	 1.5-3.5	 GPa	 (Yaxley	 and	 Green,	 1994).	 Subsequent	 nominally	
anhydrous	 and	 CO2-free	 experiments	 at	 P=3.0-5.0	 GPa	 showed	 that	 solidus	 is	
positioned	at	much	higher	temperatures	(1200-1300	oC)	(Kiseeva	et	al.,	2012;	Spandler	
et	al.,	2007).	
	
The	 experimental	 eclogite	 material	 (EA1)	 consists	 of	 mixtures	 of	 natural	 minerals,	
synthetic	 analogues	 and	 mixtures	 of	 oxides	 (Table	 2.1).	 Carbonate	 was	 added	 as	 a	
synthetic	dolomite	(50:50	molar	proportions	of	Mg	to	Ca)	or	calcite	powders.	Kyanite	
(Minas	 Garais,	 Brazil)	was	 obtained	 from	 the	 ANU	 geological	 sample	 collection.	 It	 is	
homogeneous	and	has	minor	alteration	to	endellite	in	small	areas	(Figure.	2.1).		
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Figure	2.1.	BSE	image	of	kyanite	with	endellite	inclusions.	
	
The	 clinopyroxene	 component	 was	 a	 mix	 of	 synthetic	 oxides	 and	 fayalite	 with	 the	
composition	 of	 clinopyroxene	 crystallized	 in	 a	 previous	 eclogite	melting	 experiment	
(C4231,	 T=1200oC,	 P=35	 kbar,	 Au-Pd	 capsule)	 (Table	 2.1).	 The	 quartz/coesite	
component	 was	 included	 as	 pure	 SiO2	 derived	 from	 thermal	 decomposition	 of	
tetraethyl	orthosilicate	 (TEOS).	Eclogite	garnet	 is	a	 simplified	synthetic	analogue	of	a	
previously	 experimentally	 determined	 composition	 with	 GA1+10%CaCO3	 (C4231).	
Garnet	was	synthesized	from	high	purity	oxides	at	T=1200oC	and	P=35	kbar.	Products	
of	this	run	are	large	homogeneous	crystals	of	garnets	and	small	amount	of	glass,	which	
are	compositionally	close	to	the	starting	mix	(Table.2.1).		
	
Firstly,	all	oxides	and	carbonates	were	heated	in	air	in	box	furnaces	separately,	below	
their	decomposition	 temperatures	 to	 remove	moisture.	All	 components	of	 the	mixes	
(except	 FeO)	 with	 compositions	 corresponding	 to	 garnet	 and	 clinopyroxene	 were	
carefully	ground	to	fine-grained	homogeneous	powders	in	pure	acetone	using	an	agate	
mortar	and	pestle.	Dehydration	and	decarbonation	of	the	mix	were	performed	in	box	
furnaces	at	1000	oC	 (43.96%	mass	 loss	of	calcite	–	decarbonation	at	1000oC).	 	At	 the	
last	 stage	of	mix	preparation,	 Fe2+	was	added	as	 synthetic	 fayalite	and	blended	with	
the	remaining	experimental	mix.	The	EA1	composition	was	then	mixed	in	the	following	
proportions:	garnet	oxide	mix	–	40%;	clinopyroxene	oxide	mix		–	40%;	natural	kyanite	–	
10%;	SiO2	–	10%	(Table	2.1).	The	first	7	experimental	runs	were	conducted	using	the	
EA1starting	mix	+	10%(Ca,Mg)CO3.	The	second	series	of	runs	was	conducted	with	EA1	
+	15%CaCO3	starting	mix.	A	small	amount	of	K2CO3	was	added	to	the	experimental	mix	
in	 a	 few	 experiments	 to	 promote	 carbonate	 melting	 in	 an	 attempt	 to	 improve	 the	
Kyanite with alteration of endellite (Minas Garais, Brazil) 100 μm
Endellite
Endellite
Kyanite
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approach	 to	 equilibrium.	 Similarly,	 a	 small	 amount	 of	Mg(OH)2	was	 included	 in	 one	
experimental	run	(C4443)	for	the	same	reasons.	
	
Experimental	techniques	
Experiments	 at	 P=3.5	 GPa	 and	 within	 a	 temperature	 range	 of	 900-1100	 oC	 were	
conducted	 in	a	200T	piston-cylinder	press	with	 run	durations	 from	168	 to	240	hours	
(Table	 2.2).	 An	 ultra-high-pressure	 piston-cylinder	 press	 (500	 T)	 was	 used	 for	
experiments	at	P=6	GPa	and	T=1200-1300	oC	with	run	durations	of	168	hours	(labeled	
as	UHP	in	Table	2.2).		
	
Table	2.2.	Experimental	conditions	and	results	
Sample	 Composition	 T	(oC)	 P	(kbar)	 Sensor	
Run	
time	
Phases	
UHP-232	 EA1+10%Ca,MgCO3	 1300	 60	 No	 168	 Garnet,	Cpx,	Coes,	
Corundum	
UHP-229	 EA1+10%Ca,MgCO3	 1200	 60	 Ir	 168	 Garnet,	Cpx,	Coes,	
Ky	
C4398	 EA1+10%Ca,MgCO3	 1100	 35	 Ir	 168	 Garnet,	Cpx,	Coes,		
Carb-Sil	Melt	
C4390	 EA1+10%Ca,MgCO3	 1000	 35	 No	 168	 Garnet,	Cpx,	Coes,		
Ky,	Carb-Sil	Melt	
C4409	 EA1+10%Ca,MgCO3	 950	 35	 Ir	 240	 Garnet,	Cpx,		
Carb-Sil	melt	
C4414	 EA1+10%Ca,MgCO3	 950	 35	 Ir	 240	 Garnet,	Cpx,	Coes,		
Ky,	Carb-Sil	melt	
C4397	 EA1+10%Ca,MgCO3	 900	 35	 Ir	 240	 Garnet,Cpx,	Coes,		
Ky,	Carb	
C4541	 (EA1+10%CaCO3)95	
(K2CO3)5	
1100	 35	 Pd	 120	 Garnet,	Cpx,		
Carb-Sil	Melt	
C4583	 (EA1+10%CaCO3)97	
(K2CO3)3	
1100	 35	 No	 168	 Garnet,	Cpx,		
Carb-Sil	Melt	
C4582	 (EA1+10%CaCO3)97	
(K2CO3)3	
1000	 35	 Pd,	
Fe90Pd10	
168	 Garnet,	Cpx,	Coes,		
Carb-Sil	Melt	
	 	 	 	 	 	 	
	 	 	 	 	 	 	
22	 EXPERIMENTAL	STUDY	ON	CARBONATE	ECLOGITES		
C4438	 (EA1+10%Ca,MgCO3)95	
(K2CO3)5	
1000	 35	 No	 168	 Garnet,	Cpx,		
Carb-Sil	Melt,	Carb,		
Feldspar	
C4443	 (EA1+10%CaCO3)93	
(K2CO3)3(Mg(OH)2)3	
1000	 35	 Ir	foil,		
Pd	foil	
120	 Garnet,	Cpx,	Coes,		
Corundum,	Carb,		
Carb-Sil	melt	
C4613	 EA1+15%CaCO3	 1200	 35	 Pd,	
Fe90Pd10	
120	 Garnet,	Cpx,		
Melt,	Corundum	
C4612	 EA1+15%CaCO3	 1100	 35	 Pd,	
Fe90Pd10	
120	 Garnet,	Cpx,		
Melt	
C4606a	 EA1+15%CaCO3	 1000	 35	 Pd,	
Fe90Pd10	
192	 Garnet,	Cpx,	Coes,		
Carb,	Melt,	Kyanite	
C4686	 EA1+15%CaCO3	 1000	 30	 Pd,	
Fe90Pd10	
120	 Garnet,	Cpx,	Coes,		
Carb-Sil	melt,	Carb	
C4605	 EA1+15%CaCO3	 900	 35	 Pd,	
Fe90Pd10	
240	 Garnet,	Cpx,	Coes,		
Kyanite,	Carb	
C4680		 EA1+15%CaCO3	 1000	 40	 Pd,	
Fe90Pd10	
120	 Garnet,	Cpx,	Coes,	
Corundum,	Car-Sil	Melt,	
Carb	
C4681	 EA1+15%CaCO3	 900	 30	 Pd,	
Fe90Pd10	
120	 Garnet,	Cpx,	Coes,		
Kyanite,	Carb	
C4832	 EA1	 1000	 35	 Fe,	
Fe90Pd10,		
Ir	
120	 Garnet,	Cpx,	Coes,		
Ky	
	
Pressures	for	both	types	of	experiments	are	accurate	to	±0.1	GPa,	calibrated	using	the	
quartz	to	coesite	transition.	Temperatures	are	accurate	to	±10	oC	and	precise	to	±2	oC,	
controlled	 by	 a	 Eurotherm	 904	 controller	 attached	 to	 a	 type	 B	 thermocouple	
(Pt94Rh6/Pt70Rh30).	 	 The	 thermocouple	 wires	 were	 introduced	 into	 the	 assemblage	
using	2-bore	mullite	 tubing	with	a	5mm	 length	of	Al2O3	 tubing	at	 the	hot	 zone.	This	
prevented	the	thermocouple	tubing	from	melting	 in	all	experiments.	A	standard,	 low	
friction,	salt-Pyrex	experimental	assembly	with	graphite	heaters	and	MgO	spacers	was	
used	(Appendix	II.A).	
	
All	 experiments	were	 conducted	 in	 graphite	 capsules	with	 an	 outer	 diameter	 of	 3.3	
mm	and	an	inner	diameter	of	1.3	mm.	The	graphite	capsule	was	placed	in	the	platinum	
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capsule	to	prevent	migration	of	components	between	the	sample	and	the	surrounding	
assembly.	The	special	features	of	experimental	sample	and	capsule	assemblage	design	
are	a	garnet	layer	in	the	middle	of	sample	and,	Ir	or	Pd,	and	Fe90Pd10	powders	placed	
on	opposite	sides	of	sample	to	monitor	fO2	during	experimental	run	(Figure	2.2).	
	
Figure	2.2.	The	design	of	experimental	capsule.	The	size	of	capsule	is	3.5	by	6	mm.	The	
sample	in	graphite	capsule	and	Pt	or	Au-Pd	alloys	capsule.	The	garnet	layer	and	noble	
metal	alloys	sensors	are	positioned	in	sample	(white	area).		
	
The	 garnet	 layer	 was	 included	 to	 facilitate	 XANES	 determination	 of	 garnet	 Fe3+/ΣFe	
ratio,	as	described	in	detail	 in	Chapter	3.	Some	later	experiments	did	not	 include	the	
garnet	 layer	 since	 they	 were	 intended	 to	 be	 analyzed	 by	 microprobe-based	 “flank	
technique”	(Hofer	and	Brey,	2007)	and	not	by	XANES.	
	
Pure	iridium	and	palladium	powders	(grain	sizes	less	than	10	microns)	were	employed	
to	 monitor	 oxygen	 fugacity	 in	 experiments	 (Figure	 2.2	 and	 2.3).	 Measurements	 of	
oxygen	 fugacity	 using	 the	 Fe-Ir	 alloy	 sensors	 have	 previously	 been	 successful,	 giving	
relatively	accurate	 results	 in	 garnet	peridotite	experiments	at	P=3-3.5GPa	 (Stagno	et	
al.,	 2014).	 Therefore,	 the	 first	 series	of	 experiments	with	EA1	+10%(Ca,Mg)CO3	were	
conducted	using	Fe-Ir	alloy	fO2	sensors	(Figure	2.3a).	In	one	experimental	run	we	used	
Ir	and	Pd	foils	instead	of	powders	(Figure	2.3b).	
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Figure	2.3.	Experimental	run	assemblies.	(a)	Garnet	layer	with	areas	of	melt	between	
layers	of	the	experimental	mix.	Iridium	powder	(grain	size	<10	microns)	was	used	as	a	
redox	sensor.	 (b)	Garnet	 layer	 in	the	middle	surrounded	by	experimental	mix.	 In	this	
run	both	Ir	and	Pd	are	foils.		
	
In	this	project	the	activity-composition	relationship	of	Fe-Pd	alloy	at	high	PT	conditions	
were	 also	 calibrated,	 in	 order	 to	 use	 the	 alloy	 as	 an	 oxygen	 fugacity	 sensor	 (see	
Chapter	 3).	 In	 addition,	 a	 new	 “bilateral”	 fO2	sensor	 technique	 is	 introduced	 in	 this	
project.	The	experimental	sample	has	two	sensors	with	different	starting	composition:	
pure,	 Fe-free	 Pd	 and	 pre-Fe-doped	 Pd	 alloy	 with	 composition	 Fe90Pd10	 (Figure	 2.2).	
During	equilibration	at	run	P-T-	 fO2	conditions,	the	Fe-free	Pd	should	gain	Fe	and	the	
Fe-doped	Pd	should	 lose	 iron	 in	response	to	the	 imposed	conditions	of	experimental	
fO2	 (see	 Chapter	 4	 for	 details).	 If	 chemical	 equilibrium	 between	 all	 phases	 in	 the	
experiment	 is	achieved,	the	post-run	composition	of	both	alloys	should	be	equal	and	
the	amount	of	Fe	in	both	alloys	should	be	related	to	the	experimental	fO2	according	to	
relation:	
Log	fO2	=	-ΔG0r/RTln(10)	–	log	aFe		+	log	aFeO																																							(Equation	2.1)	
	
Run	times	varied	from	96	to	168	hours.	Runs	were	quenched	by	shutting	off	power	to	
the	heater,	resulting	in	temperature	decreasing	from	run	conditions	to	a	few	100°C	in	
2-3	seconds.	All	experimental	samples	were	mounted	in	epoxy	and	carefully	polished	
using	 a	 water-free	 petroleum	 spirit	 to	 avoid	 dissolution	 of	 any	 carbonate	 material.	
After	 exposure,	 some	highly	 porous	 and	 fragile	 samples	were	hardened	using	 epoxy	
glue	under	vacuum.		
C4443 EA1+10%CaCO3+K2CO3+Mg(OH)2, 35 kbar, 1000oC, Grap+Pt 100 μm
Ir
Pd
Grt layer
b
C4398 EA1+10%(Ca,Mg)CO3 , 35 kbar, 1100oC, Graphite+Pt 50 μm
Mix
Garnet layer
Mix
Ir powder
a
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Analytical	methods	
All	 run	 products	were	 coated	with	 vacuum-evaporated	 carbon	 (~10nm	 thick),	which	
provides	 conductivity,	 has	minimal	 influence	 on	 X-Ray	 intensities	 and	 does	 not	 add	
unwanted	peaks	to	the	X-Ray	spectrum.	After	C	coating,	all	samples	were	examined	by	
scanning	 electron	 microscopy	 using	 a	 JEOL	 6400	 located	 in	 Centre	 of	 Advanced	
Microscopy,	ANU.		
	
Compositions	 of	 all	 phases	 in	 each	 experimental	 sample	 were	 determined	
quantitatively	using	an	EDS	detector	attached	to	this	 instrument.	Standard	operating	
conditions	of	 the	SEM	JEOL	6400	 for	quantitative	major	and	minor	element	analyses	
were	 15	 kV	 accelerating	 voltage,	 1	 nA	beam	 current,	working	 distance	 150	mm	and	
120	 seconds	 counting	 time.	 Mineral	 and	 metal	 standards	 (Ir,	 Pd,	 Fe)	 by	 Astimex	
Scientific	 Limited	 were	 employed	 for	 elemental	 calibration.	 The	 high	 precision	 and	
accuracy	of	this	instrument	and	approach	were	verified	in	an	earlier	study	by	(Green	et	
al.,	2010),	using	multiple	analysis	of	a	series	of	well-characterised	and	internationally	
recognized	standard	minerals.	Synthetic	Fe10-Pd90	and	Fe20-Ir80	alloys	were	used	as	an	
additional	calibration	standard	and	to	check	ZAF	correction	of	iron	in	alloys.		
	
The	beam	focus	for	crystalline	phases	was	1-2	μm	in	diameter,	this	was	also	used	for	
most	melt	analyses	due	to	small	pool	size	and	the	interstitial	position	of	the	quenched	
melt.	 In	 run	 C4272	 a	 broad	 beam	 of	 10	 μm	 diameter	 was	 used	 for	 quenched	melt	
analysis	 (Table	 2.2).	 For	 major	 elements	 ZAF	 correction	 was	 based	 on	 simple	 oxide	
standards	and	in	most	cases	was	less	than	15%.	However,	the	stoichiometry	of	iron	in	
Fe-Ir	 redox	 sensor	 alloys	 is	 different	 from	 iron	 in	 Fe2O3	 standard.	 Thus	 a	 pure	 iron	
metal	standard	was	used	to	decrease	ZAF	correction	factor.	Detection	limits	for	were	
0.1	wt%	for	K2O,	TiO2,	and	MnO;	0.15	wt%	for	Na2O,	Cr2O3	and	0.25%	for	P2O5.		
	
More	 sophisticated	 techniques	 were	 employed	 to	 determine	 Fe3+/ΣFe	 ratio	 of	
experimental	 garnets	 in	 order	 to	 develop	 an	 oxybarometer	 applicable	 to	 eclogite	
assemblages	based	on	 redox	 reactions.	One	of	 the	analytical	 techniques	 to	estimate	
this	 ratio	 is	 XANES	 determination	 of	 Fe3+/ΣFe	 ratio	 (Berry	 et	 al.,	 2010).	 The	
methodology	of	XANES	measurements	is	described	in	Chapter	4.	The	second	technique	
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to	determine	Fe3+/ΣFe	 ratio	of	garnets	was	microprobe-based	“flank”	method	 (Hofer	
and	Brey,	2007).	The	procedure	and	results	of	measurements	are	given	in	Chapter	5.	
	
Experimental	results	
Phase	relations	
A	summary	of	all	run	conditions	and	experimental	results	is	given	in	Table	2.2.	Garnet	
(as	a	layer	and	in	the	matrix)	and	clinopyroxene	are	the	main	phases	in	every	run,	and	
carbonate-silicate	 melts,	 carbonate,	 kyanite,	 coesite,	 corundum,	 feldspar	 are	 minor	
phases.		
The	 stabilities	 of	 each	 phase	 at	 given	 experimental	 temperature	 for	 the	 three	
experimental	compositions	are	illustrated	in	Figure	2.4.	The	first	series	of	experiments	
used	 EA1+10%Ca,MgCO3	 with	 an	 Ir	 sensor	 to	 monitor	 fO2.	 The	 second	 series	 of	
experiments	used	EA1+10%Ca,MgCO3		with	various	small	concentrations	of	K2CO3	and	
the	 third	 series	 used	 EA1+15%CaCO3.	 The	 last	 two	 series	 were	 conducted	 with	 the	
presence	of	Fe	and	Fe90Pd10	fO2	sensors	(Table	2.2).		
The	solidus	for	EA1+10%Ca,MgCO3	at	P=35	kbar	lies	above	T=900oC	(C4397)	and	below	
T=950oC	 (Figure	2.4).	Carbonate-silicate	melts	 form	at	 temperatures	above	950oC.	At	
higher	pressure	 (P=60kbar),	 both	 runs	 (UHPPC-229	and	UHPPC-232)	were	 subsolidus	
(Figure	 2.23).	However,	 there	were	 no	 carbonates	 detected	 in	 the	 experimental	 run	
products.		
The	phase	 assemblage	of	 the	 first	 series	 of	 experiment	with	 EA1+10%Ca,MgCO3	was	
dominated	by	garnet	and	clinopyroxene.	Coesite	and	kyanite	were	stable	up	to	T=1000	
oC	and	(Ca,Mg,Fe)	carbonate	was	found	to	be	stable	below	T=950oC	(Figure	2.4).	In	the	
subsolidus	 run	 (C4397)	 at	 P=35	 kbar	 and	 T=900oC	 large	 crystals	 of	 garnet	 (>100	
microns)	were	formed	in	garnet	layer.	The	carbonate	eclogite	matrix	layer	consisted	of	
small	 garnet,	 coesite,	 kyanite	 crystals	 (~10	 microns)	 surrounded	 by	 clinopyroxene	
crystals.	 	 (Mg,Fe)-calcitic	 carbonate	 was	 found	 as	 a	 crystalline	 aggregate	 near	 the	
iridium	 layer	 (Figure	 2.5a).	 In	 the	 experiment	 at	 T=950oC	 and	 P=35	 kbar,	 a	 minor	
fraction	 of	 carbonate-silicate	 melt	 formed	 between	 small	 grains	 of	 clinopyroxene,	
garnet	and	coesite	 in	the	matrix	 layer.	 In	this	and	every	run	at	P=35	kbar	the	 iridium	
layer	divided	the	top	mix	layer	and	garnet	layer	in	experimental	runs	(Figure	2.5b).		
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Figure	2.4.	The	 stability	phase	diagrams	at	given	experimental	 temperature	of	 series	
with	various	compositions.	Solid	symbols	as	phase	stability,	empty	–	not	stable.	
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With	increasing	temperature,	the	melt	fraction	increased,	based	on	visual	examination	
of	 back-scattered	 images	 (C4390).	 Clinopyroxene	 formed	 tabular	 crystals	 between	
small	 grains	 of	 garnet	 (~10	microns)	 and	 interstitial	 pools	 of	 carbonate-silicate	melt.	
The	texture	of	the	sample	and	the	grain	size	of	the	major	phases	are	constant	over	the	
whole	volume	of	the	sample.	Coesite	formed	relatively	large	crystals	(~12-15	microns)	
with	a	tendency	to	concentrate	in	the	rim	area	of	the	sample.	The	garnet	layer	consists	
of	 large	 crystals	 of	 garnet	 (>50	 microns)	 with	 minor	 inclusions	 of	 kyanite	 and	
clinopyroxene.	 At	 T=1300oC	 (C4398)	 the	 carbonate-silicate	 melt	 forms	 large	 pools	
(Figure	2.5c).	In	the	matrix	layer	of	the	sample,	relatively	large	crystals	of	garnet	(>20	
microns)	 are	 surrounded	by	a	 clinopyroxene-rich	area.	Clinopyroxene	also	 formed	 in	
the	garnet	layer.	The	garnet	layer	has	large	areas	of	garnet	crystals	with	no	inclusions	
of	clinopyroxene	and	melt	 (>100	micron).	No	coesite	or	kyanite	was	detected	 in	 this	
experimental	 run.	 Ultra-high	 pressure	 experiments	 at	 P=6	 GPa	 (UHP-229;	 UHP-232)	
were	 conducted	 with	 the	 same	 starting	 composition	 at	 subsolidus	 conditions.	 The	
matrix	 layer	 consisted	 of	 small	 grains	 of	 garnet	 coesite	 and	 clinopyroxene	 (<15	
microns).	Kyanite,	along	with	coesite	and	corundum	were	detected	in	the	garnet	layer	
which	 contained	 large	 crystals	 of	 garnet,	 ~	 150	microns	 across.	 The	 iridium	 powder	
formed	a	lens	with	thickness	100	microns	in	the	middle	of	the	capsule	(Figure	2.5d).	
	
The	second	series	of	experiments	was	conducted	with	EA1+10%CaCO3	with	addition	of	
K2CO3	(Table	2.2).	As	a	result	of	the	increased	amount	of	potassium,	feldspar	formed	in	
experiments	at	T<1000°C	instead	of	kyanite	and	carbonate	(Figure	2.4).	Therefore	the	
series	 of	 experiments	were	 not	 continued	 due	 to	 absence	 of	 the	 essential	 phase	 of	
kyanite.	The	experiment	(C4438)	at	T=1000oC	and	P=35	kbar	 included	5%	K2CO3	in	an	
attempt	to	 improve	the	approach	to	equilibrium	by	generating	a	small,	potassic	melt	
fraction.	This	run	contained	alkali	carbonate-silicate	melt	throughout	the	sample.	The	
matrix	 layer	 contained	 garnet,	 clinopyroxene,	 (Ca,Mg,Fe)	 carbonate	 and	 feldspar	
crystals	with	 interstitial	 alkali	 carbonate-silicate	melt.	 The	 garnet	 layer	 formed	 large	
grains	 of	 garnet	 (>50	microns)	with	minor	 inclusions	 of	 clinopyroxene.	No	 accessory	
phases,	such	as	kyanite	or	coesite,	were	detected	(Figure	2.5e).	
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The	 only	 experimental	 run	 in	 the	 (EA1+10%CaCO3)94(K2CO3)3(MgOH2)3	 experimental	
series	 at	 T=1000oC	 and	 P=35	 kbar	 (C4443)	 had	 iridium	 and	 palladium	 foils	 as	 redox	
sensors	 (Figure	 2.3b).	 Carbonate-silicate	 melt	 was	 formed	 between	 small	 grains	 of	
garnet,	clinopyroxene	in	the	matrix	layer.	CaO-rich	carbonate	was	detected	in	the	zone	
between	the	garnet	layer	and	the	mix	layer.	The	garnet	layer	forms	large	clear	areas	of	
garnet,	consisting	of	crystals	>100	microns	across,	and	has,	in	some	areas,	inclusions	of	
clinopyroxene	and	corundum.	No	melt	was	detected	in	the	garnet	layer.	
	
The	 final	 series	 of	 experiment	with	 EA1+15%CaCO3	was	 conducted	 at	 P=30-35	 kbars	
and	T=900-1200oC.	Garnet	 and	 clinopyroxene	were	present	 in	 each	 sample.	 Kyanite,	
coesite	and	carbonate	were	stable	below	T=1100	oC.	The	experiment	at	1000	oC	and	
P=35	 kbars	 (C4606a)	 contained	 both	 carbonate	 and	 carbonate-silicate	 melt	 (Figure	
2.4).	
	
Two	subsolidus	condition	experiments	at	T=900	oC	and	P=30	and	35	kbar	(C4681	and	
C4605,	 respectively)	 consisted	 mainly	 of	 garnet	 and	 clinopyroxene	 crystals	 with	
interstitial	 kyanite	 and	 coesite	 crystals	 with	 up	 to	 10	 microns	 in	 size	 (Figure	 2.6a).	
Carbonate	was	preserved	as	 an	aggregate	of	needle-like	 crystals	 (up	 to	10	microns),	
interstitial	 to	 the	main	 eclogitic	 assemblage.	 The	 garnet	 layer	 crystallized	mainly	 as	
large	garnet	crystals	with	a	few	areas	of	minor	interstitial	clinopyroxene	(Figure	2.6b).		
In	 runs	 at	 P=35	 kbars,	 kyanite,	 coesite	 and	 carbonate	 disappeared	 at	 1100	 oC.	 The	
sample	 (C4612)	mainly	consisted	of	 large	crystals	of	garnet	and	clinopyroxene	(up	to	
15	microns	 in	 diameter)	 in	 the	 sample	matrix	 and	 large	 solid	 garnet	 crystals	 in	 the	
garnet	layer.	Carbonate-silicate	melt	appears	between	crystals	of	garnet	in	the	sample	
matrix	and	the	garnet	layer	(Figure	2.6c).		
	
Finally	 the	 experiment	 conducted	 at	 T=1200	 oC	 contained	 large	 pools	 of	 carbonate-
silicate	 melt	 up	 to	 15	 microns	 in	 diameter	 between	 crystals	 of	 garnet	 and	
clinopyroxene	(Figure	2.6).	
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Figure	 2.5.	 BSE	 images	 of	 experimental	 runs.	 (a)	 C4397	 –	 Garnet	 layer	 in	 the	 left	
corner,	Ir	powder	–	bright	layer,	crystallic	mass	of	carbonates	next	to	Ir	layer;	Garnet,	
kyanite,	coesite	grains	in	the	clinopyroxene	matrix;	(b)	The	main	matrix	with	grains	of	
Cpx,	Grt,	Coes	and	interstitial	melt;	Ir	powder	layer	and	garnet	layer	with	inclusions	of	
kyanite	and	clinopyroxene;	(c)	C4398	–	large	grains	of	garnet	and	clinopyroxene	in	the	
matrix	layer	and	layer	of	melt;	layer	of	iridium	powder	and	garnet	layer	with	inclusions	
of	carbonate-silicate	melt		and	clinopyroxene	in	it;	(d)	UHP-238	–	The	mix	layer	of	Grt,	
Cpx	and	Coesite	grains;	garnet	layer	with	inclusion	of	kyanite	and	corundum;	deformed	
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under	 high	 pressure	 iridium	 powder	 layer	 (e)	 C4438	 –	 grains	 of	 Grt,	 Cpx,	 feldspar	
surrounded	by	alkali	carbonate-silicate	melt	in	the	matrix	layer;	Garnet	layer	with	big	
inclusions	of	Cpx	and	melt.		
	
	
	
Figure	2.6.	BSE	images	of	experimental	runs.	(a)	C4681	–	Garnet	layer	on	the	left	side;	
on	the	right	side	garnet,	kyanite,	coesite	and	carbonate	grains	in	the	clinopyroxene	
matrix;	(b)	C4606a	–	Garnet	layer	on	the	top	right	corner;	the	main	matrix	of	
clinopyroxene	and	garnet	with	interstitial	melt,	carbonate,	kyanite;	coesite	I	as	an	
inclusion	in	garnets;	Fe-Pd	alloy	is	bright	area	in	the	middle	(c)	C4612	–	Garnet	layer	on	
the	right	side	of	the	Fe-Pd	sensor	(bright	area);	the	main	matrix	area	is	garnet	and	
clinopyroxene	grains	with	interstitial	melt	patches	(d)	C4613	–	large	pools	of	melt	
between	garnet	and	clinopyroxene	crystals.	
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Garnet	
The	main	phase	in	all	experimental	runs	was	garnet,	which	formed	both	in	the	garnet	
layer	(included	to	crystallize	large	crystals	of	garnet	for	subsequent	XANES	analysis	for	
Fe3+	-	see	Chapter	4)	(Berry	et	al.,	2010)	and	in	the	matrix	layer	(Chapter	5).	
	
Garnets	from	the	garnet	“layer”	and	the	sample	“matrix”	are	labeled	thus	in	Table	2.3,	
unless	the	garnet	 layer	was	not	 included	 in	the	sample,	 in	which	case	 it	 is	 labeled	as	
“average”.	 Pre-synthesized	 garnet	 (the	 source	 for	 both	 garnets	 in	 the	 layer	 and	 the	
matrix)	 was	 one	 of	 the	 components	 of	 the	 starting	mix	 (Table	 2.1),	 and	 its	 starting	
composition	is	 illustrated	as	the	horizontal	 line	in	Figures	2.7	and	2.9.	Representative	
garnet	compositions	from	successful	runs	are	presented	in	Table	2.3.		
	
The	experimental	series	with	EA1+10%Ca,MgCO3	
The	 experimental	 series	 with	 EA1+10%Ca,MgCO3	 displays	 significant	 compositional	
differences	 between	 matrix	 garnet	 and	 layer	 garnet	 (Table	 2.3	 and	 Figure	 2.7),	
although	 their	 compositions	 tend	 to	 converge	 with	 increasing	 temperature	 or	
increasing	 melt	 fraction	 (Figure	 2.7).	 Such	 a	 correlation	 was	 not	 observed	 with	
increasing	pressure	(Figure	2.7).	Garnets	 from	the	garnet	 layer	tend	to	have	a	bigger	
variation	 in	 compositions	 than	 garnets	 from	 the	 matrix	 (large	 uncertainty	 of	 blue	
symbols	in	Figure	2.7).		
	
The	 total	 amount	 of	 Fe	 in	 experimental	 garnets,	 based	 on	 SEM	 and	 microprobe	
analyses	 (without	Fe2O3	calculation),	 in	both	 types	of	garnets	 tends	 to	decrease	with	
the	experimental	temperature	(the	amount	of	FeO	wt%	as	sample	average	of	multiple	
analyses	 is	 illustrated	 Figure	 2.7).	 Garnets	 from	 all	 experiments	 have	 a	 significant	
amount	 of	 pyrope	 (31.57-42.24	mol%),	 almandine	 (22.01-34.48	mol%)	 and	 grossular	
(29.21-36.25	mol%).	Simple	structural	formula	calculations	indicate	the	presence	of	an	
andradite	component	in	garnet	from	each	run	(0.62-3.8	mol%)	(Table	2.3).	The	pyrope	
component	 tends	 to	 increase	 with	 temperature	 and	 pressure	 in	 experiments	 with	
EA1+10%Dol.	 At	 T=950oC	 experiment,	 the	 pyrope	 component	 shows	 a	 significant	
difference	between	garnet	 in	 the	 layer	and	 in	 the	matrix:	 samples	C4414	and	C4409	
(Figure	2.8).		
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In	 contrast,	 the	 experimental	 series	 to	 which	 K2CO3	 was	 added,	 had	 mostly	 highly	
variable	garnets	compositions	(green	symbols	in	Figure	2.8).	The	initial	idea	of	reaching	
better	equilibrium	with	the	presence	of	“flux”	material	(K2CO3)	didn’t	succeed.	Most	of	
the	samples	had	large	compositional	gaps	between	layer	and	matrix	garnets,	with	the	
exception	 of	 C4541	 at	 T=1100	 oC,	 which	 had	 almost	 identical	 compositions	 of	 both	
type	of	garnets	(Table	2.3).		
	
	
Figure	2.7.	The	total	FeO	content	wt%	(average)	versus	temperature	of	experimental	
garnets	from	series	of	EA1+10%(Ca,Mg)CO3.	Blue	symbols	are	for	garnets	from	garnet	
layer	 and	 red	 symbols	 are	 for	 garnets	 from	 the	 sample	matrix.	 Pale	 symbols	 are	 for	
experiments	run	at	60	kbars,	the	rest	of	samples	are	P=35	kbars.	The	black	line	is	the	
starting	 composition	 of	 experimental	 garnet.	 Uncertainties	 are	 calculated	 as	 the	
standard	 deviation	 of	 the	 averages	 of	 multiple	 analyses	 of	 garnet	 grains	 from	 each	
experimental	 sample.	 Standard	deviations	of	 garnet	 from	matrix	are	given	with	 caps	
(Table	2.3).	
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Figure	2.8.	Pyrope	mole%	(average)	versus	temperature	of	experimental	garnets	from	
series	 of	 EA1+10%(Ca,Mg)CO3	 (blue	 and	 red)	 and	 EA1+10%(Ca,Mg)CO3	+	 K2CO3.	 Blue	
symbols	are	 for	garnets	 from	garnet	 layer	and	 red	 symbols	are	 for	garnets	 from	 the	
sample	matrix.	Pale	symbols	are	experimental	samples	of	60	kbars,	the	rest	of	symbols	
are	for	P=35	kbars.	Green	symbols	are	samples	of	starting	composition	with	K2CO3.	
	
	
The	experimental	series	with	EA1+15%CaCO3	
In	the	last	series	of	experiments	with	an	increased	proportion	of	calcium	carbonate	–	
EA1+15%CaCO3,	 the	compositional	variability	of	garnets	between	 layer	and	matrix	 in	
the	majority	 of	 experiments	was	 significantly	 lower	 than	 in	 the	 previous	 series.	 This	
suggests	 a	 closer	 approach	 to	 equilibrium	 in	 these	 runs.	 This	 low	 compositional	
variability	 is	 illustrated	 in	 Figure	 2.9.	 Unfortunately,	 chemical	 equilibrium	 between	
layer	 and	matrix	 garnets	was	 not	 reached	 for	 two	 sample	C4606a	 at	 T=1100	 oC	 and	
C4612	at	T=1000	oC	(Table	2.3).	The	difference	in	garnet	FeO	content	is	very	large	for	
both	samples:	 total	FeO=26.23	wt%	of	garnet	 from	the	matrix	and	17.61	wt%	of	 the	
layer	 one	 (Figure	 2.9).	 The	 amount	 of	 FeO	 tends	 to	 decrease	 with	 increasing	
experimental	temperature.	
	
Similar	 compositional	 trends	 are	 observed	 for	Mg	 and	 Ca	 cations,	 or	 in	 the	 pyrope	
component	of	the	sample	in	this	experimental	series	(Figure	2.10).	The	addition	of	15%	
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calcite	 increased	 the	 amount	 of	 calcium	 in	 this	 experimental	 series,	 relative	 to	 the	
other	two	(by	use	of	CaCO3	as	the	carbonate	phase),	did	not	affect	the	CaO	content	in	
garnets	of	 this	 series	 relative	 to	garnets	 from	 the	previous	 series	of	EA1+10%CaCO3,	
both	garnets	have	around	12-13	wt%	of	CaO	(Table	2.3).		
	
The	 later	 experiments	 of	 the	 series	 were	 conducted	 with	 no	 garnet	 layer	 as	 the	
intention	 was	 to	 analyze	 the	 garnet	 Fe3+	 content	 by	 the	 flank	 method	 and	 not	 by	
XANES,	 and	 the	 flank	 method	 has	 spatial	 resolution	 of	 only	 a	 few	 microns	 in	 the	
surface	 of	 the	 sample	 and	 with	 depth	 into	 the	 sample.	 This	 contrasts	 with	 the	
penetration	depth	of	the	X-ray	beam	during	XANES	spectroscopy,	which	is	of	the	order	
of	50	µm.		
	
	
Figure	2.9.	The	total	FeO	content	wt%	(average)	versus	temperature	of	experimental	
garnets	 from	 series	 of	 EA1+15%(Ca,Mg)CO3.	 Blue	 symbols	 are	 for	 garnets	 from	 the	
garnet	 layer	and	 red	symbols	are	 for	garnets	 from	the	sample	matrix,	unless	 it’s	not	
specified	with	 label	 (e.g.	average	of	 the	sample	with	no	garnet	 layer).	The	 line	 is	 the	
starting	composition	of	experimental	garnet.	Uncertainties	are	the	standard	deviation	
of	the	averages	of	multiple	analyses	of	garnet	grains	from	each	experimental	sample.	
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Figure	2.10.	Pyrope	mole%	(average)	versus	temperature	of	experimental	garnets	from	
series	of	EA1+15%CaCO3.	Blue	symbols	are	for	garnets	from	the	garnet	 layer	and	red	
symbols	are	for	garnets	from	the	sample	matrix.		
	
Clinopyroxene	
Clinopyroxene	was	present	 in	every	experimental	 run	 in	all	 three	series.	The	mineral	
was	 compositionally	 very	 homogeneous	 within	 most	 samples,	 based	 on	 multiple	
analyses	of	different	grains	within	each	sample.	
	
The	 experimental	 clinopyroxene	 are	 omphacitic	 solid	 solutions	 of	 mainly	 diopside-
hedenbergite	and	jadeite	(Ca,Na)M2(Mg,Fe,Al)M1Si2O6.	Structural	formulae	suggest	the	
presence	 of	 Al	 cations	 in	 the	 tetrahedral	 site,	 indicating	 that	 they	 contain	 some	
Tschermaks	 component	 (0.05-0.17	 mol%).	 A	 vacancy	 on	 the	 M1	 site	 also	 was	
indicated.	 	 The	 Ca-eskolaite	 component	was	 around	 0.05	mol%	 in	most	 of	 samples.	
(Table	2.4).	
	
The	 main	 interest	 in	 the	 clinopyroxene	 is	 the	 hedenbergite-diopside	 solid	 solution.	
Calcium	content	 in	experimental	 clinopyroxene	has	dependence	on	 the	 temperature	
and	 pressure	 (Figure	 2.11).	 There	 is	 dependence	 of	 Ca	 on	 pressure	 using	
EA1+10%Dolomite:	 runs	 at	 P=30-35	 kbars	 have	 approximately	 similar	 content	 of	 Ca,	
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but	samples	of	experiments	at	60	kbar	have	much	 less	Ca	(Figure	2.11).	Experiments	
conducted	at	P=60	kbars	have	dramatically	less	Ca,	and	experimental	sample	with	EA1	
had	similarly	low	Ca,	because	of	no	added	calcite	or	dolomite	in	composition.	
	
Figure	2.11.	Ca	content	(atoms	per	formula	unit)	in	experimental	clinopyroxene	versus	
temperature.	Each	symbol	represents	average	composition	of	clinopyroxene	from	one	
sample	(Table	2.4).	Solid	symbols	are	experiments	at	P=30-35	kbars,	empty	diamonds	
are	experiments	of	EA1+10%Dolomite	at	P=60	kbars.	
	
Fe	 increases	 with	 increasing	 temperature	 for	 all	 experimental	 series	 conducted	 at	
P=30-35	kbars	 (Figure	2.12).	 The	 compositional	offset	of	C4606a	and	C4612	 samples	
from	other	samples	of	(EA1+15%CaCO3)	series	can	also	be	observed	in	clinopyroxene.	
Both	 experimental	 clinopyroxenes	 have	 significantly	 high	 Fe	 content	 than	 other	
samples	of	the	series.	Experiments	conducted	at	P-60	kbars	have	less	Fe	content	than	
the	rest	of	samples	of	the	same	compositional	series	(Figure	2.12).	
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Figure	2.12.	Fe	content	(atoms	per	formula	unit)	in	experimental	clinopyroxene	versus	
temperature.	Multiple	experiments	were	conducted	at	the	same	temperature.	Various	
compositional	 series	 are	 indicated	 with	 different	 symbols	 and	 symbol	 colors,	 see	
legend.	 Each	 symbol	 represents	 average	 composition	 of	 clinopyroxene	 from	 one	
sample	(Table	2.4).	Solid	symbols	are	experiments	at	P=30-35	kbars,	empty	diamonds	
are	experiments	of	EA1+10%Dolomite	at	P=60	kbars.	
	
	
Minor	phases:	kyanite,	coesite,	corundum	and	carbonate	
Kyanite	and	coesite	were	identified	in	most	of	experimental	samples	conducted	below	
or	at	T=1000	oC	(Table	2.2	and	Figure	2.4).	In	Table	2.5	we	present	the	composition	of	
coesite	and	kyanite	in	experimental	samples.	
	
Kyanite	was	a	minor	phase	in	the	experimental	runs	at	P=35	kbar,	T=900-1000oC	and	
P=60	 kbar	 and	T=1200-1300oC	of	 EA1+10%CaCO3	and	experiments	 at	 P=35	 kbar	 and	
T=900-1000	oC	of	EA1+15%CaCO3	(Table	2.2).	However	 in	some	runs,	e.g.	UHPPC-232	
(P=60	 kbar,	 T=1300oC),	 corundum	was	 formed	 as	 a	 result	 of	 the	 reaction	 kyanite	 =	
corundum	+	coesite	(Schmidt	et	al.,	1997).	Coesite	is	present	in	almost	all	experimental	
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runs	 with	 EA1+10%Dolomite	 (except	 run	 C4398	 at	 P=35	 kbar	 and	 T=1100oC)	 and	
experiments	 with	 EA1+15%CaCO3	 at	 T=900-1000	 oC.	 In	 the	 experimental	 run	 with	
5%K2CO3	addition	K-Feldspar	was	formed,	likely	as	a	result	of	the	high	activity	of	K2O.		
	
Carbonate	 was	 formed	 in	 the	 subsolidus	 run	 at	 T=900oC	 and	 P=35	 kbar	 with	
EA1+10%CaCO3	 and	 formed	 crystalline	 aggregates	 in	 the	 rim	 area	 of	 the	mix	 layer.	
Carbonate	 is	 mainly	 calcitic	 (82.4	 mol.%)	 with	 minor	 siderite	 (4.15	 mol.%)	 and	
magnesite	 (13.4	 mol.%)	 components	 (e.g.	 C4397)	 (Table	 2.5).	 In	 the	 experimental	
series	 with	 EA1+15%CaCO3	 carbonate	 was	 formed	 at	 T=900-1000	 oC	 and	 it	 was	
predominantly	 calcitic	 with	 minor	 amount	 of	 Mg	 and	 Fe	 (CaO=23.4-49.43	 wt%,	
MgO=1.06-4.98	 wt%	 and	 FeO=1.71-12.72	 wt%).	 Carbonate	 grains	 in	 experiment	
C4606a	were	interstitial	and	very	small	in	size;	therefore	it	was	impossible	to	analyze	it	
without	interfering	from	surrounding	silicate	phases	(SiO2	=5.35	wt%).	
	
The	 presence	 of	 carbonate	 with	 calcium	 and	 magnesium	 in	 composition	 as	 a	 run	
product	allows	investigation	of	the	reaction	DCDD/G	(Luth,	1993).	The	presence	of	all	
phases,	including	Ca,Mg	carbonate,	is	the	main	requirement	for	the	estimation	of	this	
redox	reaction’s	oxygen	fugacity.	
	
Carbonate-silicate	melt	
Quenched	melts	were	observed	in	the	experimental	series	using	EA1+10%CaMgCO3	at	
P=35	 kbar	 and	 T=950-1100oC	 (C4409;C4414;C4390;C4398)	 with	 increasing	 melt	
fraction	at	higher	temperatures	(e.g.	large	glassy	melt	of	C4398	sample	in	Figure	2.5).	
At	higher	pressures	(60kbar)	no	melt	was	found.	Representative	melt	compositions	are	
given	in	Table	2.5.	The	CO2	content	in	the	melts	was	estimated	by	difference	between	
EPMA	totals	and	100%.	
	
Most	 experimental	 melts	 are	 relatively	 SiO2-rich	 carbonate-silicate	 compositions	
(SiO2=50-60	wt%)	(Figure	2.13).	Experimental	melts	of	EA1+10%Ca,MgCO3	of	T=950	oC	
and	the	most	of	EA1+15%CaCO3	have	relatively	high	compositional	variation	of	melts		
in	a	single	sample	(relatively	high	uncertainty	of	total	analyses	in	Figure	2.13).		
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Figure	 2.13.	 The	 composition	 of	 carbonate-silicate	melt:	 SiO2	wt%	 versus	 total	wt%.	
Each	symbol	represents	an	average	of	multiple	SEM	analyses,	minimum	3	spots	on	a	
single	 sample	 	 (Table	 2.5).	 C4583	 is	 the	 sample	 with	 a	 single	 spot	 analysis.	 All	
experiments	 were	 conducted	 at	 P=30-35	 kbars.	 Compositional	 series	 are	 indicated	
with	various	colours	and	symbols	(see	legend).	
	
In	this	project	we	focus	on	experimental	series	with	stable	carbonate	phase.	Therefore	
the	 nature	 and	 compositional	 variation	 of	 carbonate-silicate	 melts	 in	 experimental	
runs	were	not	investigated	in	details.			
	
	
	
	
	
	
	
	
	
C4583	
0	
10	
20	
30	
40	
50	
60	
70	
50	 60	 70	 80	 90	 100	 110	
Si
O
2	
w
t%
	
Total	wt%	
EA1+10%Dol	
EA1+15%Calc	
EA1+10%Dol+K2CO3	
EXPERIMENTAL	STUDY	ON	CARBONATE	ECLOGITES	 41		
Discussion	
	
One	of	the	important	aspects	of	these	experiments	is	the	approach	to	equilibrium.	The	
experimental	design	involves	four	layers	of	material	in	the	sample:	garnet	layer,	redox	
sensor	 layer	and	 layers	of	 the	mix	on	 the	 top	and	bottom	of	 the	capsule.	There	 is	 a	
tendency	 for	 the	 higher	 temperature	 runs	 to	 have	 more	 closely	 approached	
equilibrium	 relative	 to	 the	 low	 temperature	 runs,	 based	 on	 the	 similarity	 of	 garnet	
compositions	 in	 the	 layer	 and	 in	 the	matrix	 layer	 (Figure	 2.7)	 and	 on	 the	 generally	
more	 homogenous	 phase	 compositions	 overall.	 An	 increase	 in	 the	 melt	 flux	 with	
increased	carbonate	 (+15%CaCO3)	has	 the	 same	effect	as	a	 temperature	 increase	on	
equilibrium	of	the	experiments	(Figure	2.9).		
	
Temperature	calculations	based	on	the	garnet-clinopyroxene	geothermometer	(Krogh,	
1988)	 showed	 reasonable	 agreement	 with	 the	 experimental	 temperatures.	 (Figure	
2.14).	 The	 following	 Fe-Mg	 exchange	 between	 garnet	 and	 clinopyroxene	 (Kd)	
geothermometer	is	based	on	classic	work	of	(Ellis	and	Green,	1979)	and	it	is	calibrated	
for	 omphacite	 clinopyroxene.	 	 In	 Figure	 2.14	 the	 results	 of	 geothermometry	 of	
compositional	 series	 EA1+10%(Ca,Mg)CO3	are	 illustrated	with	 blue	 circles:	 solid	 blue	
circles	are	garnets	 from	the	sample	matrix	and	empty	blue	circles	are	 for	 the	garnet	
layer.	 All	 experimental	 runs	 of	 the	 series	 have	 different	 garnet	 compositions	 in	 the	
layer	relative	to	the	matrix,	except	one	run	conducted	at	T=1573	and	P=60	kbar.	The	
majority	 of	 runs	 show	 a	 discrepancy	 between	 the	 calculated	 values	 from	 the	
geothermometer	and	the	experimental	temperature.	However	the	 long	experimental	
runs	conducted	at	T=900	oC	(1173	K)	and	950	oC	(1223	K)	show	close	results	to	the	1:1	
fit	line.		
	
The	 results	 of	 temperature	 estimation	 with	 the	 geothermometer	 for	
EA1+10%(Ca,Mg)CO3	with	 K2CO3	are	 not	 satisfactory	 for	 all	 experimental	 series	 (red	
circles	 for	 garnet	 from	 sample	matrix	 and	 red	 empty	 circles	 for	 the	 garnet	 layer	 in	
Figure	2.14).	All	symbols	are	offset	significantly	from	the	1:1	fit	line.		
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Runs	from	the	series	using	EA1+15%CaCO3	gave	differences	between	the	nominal	and	
calculated	 temperatures	 <80	 oC	 (dark	 blue	 diamond	 symbols	 in	 Figure	 2.14).	 Both	
garnets	 from	 the	 garnet	 layer	 and	 the	 mix	 layer	 show	 similar	 results	 in	 calculated	
temperature	 below	 1000	 oC	 (dark	 blue	 diamond	 symbols	 –	 the	 sample	 matrix	 and	
empty	diamond	symbols	–	the	garnet	layer)	(Figure	2.14).	Given	the	uncertainly	of	the	
thermometer	 is	 ±50°C	 at	 least,	 this	 is	 considered	 reasonable	 agreement.	 Only	 one	
sample	 of	 C4606a	 shows	 a	 major	 offset	 from	 the	 1:1	 fit	 line	 and	 from	 the	 rest	 of	
experiment	 of	 the	 series;	 same	 compositional	 offset	 was	 observed	 in	 garnet	 and	
clinopyroxene	of	the	experiment	(Figure	2.9	and	2.12	respectively).	
	
	
Figure	 2.14.	 Comparison	 of	 experimental	 temperature	 in	 Kelvins	 (x	 axis)	 with	
temperature	 calculated	 by	 geothermometer	 (Krogh,	 1988).	 Solid	 symbols	 are	 for	
garnets	 from	matrix	 layer	 and	 empty	 symbols	 are	 for	 garnet	 layer.	 Uncertainties	 in	
most	cases	are	smaller	than	the	size	of	the	symbol.	
C4606a	
800	
900	
1000	
1100	
1200	
1300	
1400	
1500	
1600	
1700	
800	 900	 1000	 1100	 1200	 1300	 1400	 1500	 1600	 1700	
T	
(K
)	
by
	G
eo
th
er
m
om
et
er
	(
Kr
og
h,
19
88
)	
Experimental	Temperature	(K)	
EA1+10%Dol	
EA1+10%Dol
+3%K2CO3	
EA1+15%CaCO3	
EXPERIMENTAL	STUDY	ON	CARBONATE	ECLOGITES	 43		
The	chemical	equilibrium	of	phases	in	the	experimental	samples	is	also	important	for	
evaluation	 of	 oxygen	 fugacity	 monitored	 by	 noble	 metal	 alloys.	 Each	 experiment	
contained	 Ir,	 Pd	 or	 Fe90Pd10	metal	 sensors	 to	 monitor	 fO2	 (Table	 2.2).	 The	 alloys	 in	
experimental	 samples	 were	 also	 analyzed	 simultaneously	 with	 experimental	 silicate	
and	carbonate	phases.	The	constraints	of	thermodynamic	models	of	reactions	with	Fe-
noble	metal	alloys	and	calculation	of	fO2	are	described	in	Chapter	3.	
	
The	main	aim	of	experiments	with	compositionally	variable	carbonate	eclogites	was	to	
constrain	the	reaction	coesite	+	Ca-Mg	carbonate	=	diopside-rich	clinopyroxene	+	C	+	
O2	 in	 pressure–temperature-oxygen	 fugacity-composition	 space.	 To	 estimate	 oxygen	
fugacity	all	phases	of	this	reaction	should	be	present	and	in	equilibrium.	In	this	study	
we	 conducted	 three	 series	 of	 experiment	 with	 various	 compositions	
(EA1+10%(Ca,Mg)CO3;	 EA1+10%(Ca,Mg)CO3	 with	 K2CO3	 and	 EA1+15%CaCO3).	 All	
required	silicate	phases	(garnet,	clinopyroxene	and	coesite)	and	(Ca,Mg,Fe)	carbonate	
were		present	as	run	products	in	experiments	of	the	first	compositional	series	at	T=900	
oC,	P=35	kbars		and	in	the	third	series	of	experiment	at	T=900-1000	oC,	P=30-35	kbars	
(Table	 2.2).	 The	 results	 of	 the	 geothermometry	 check	 (Figure	 2.14)	 show	 that	 these	
subsolidus	experiments	with	Ca,Mg	carbonate	have	approached	chemical	equilibrium	
acceptably.	Also	chemical	analyses	of	garnets	of	EA1+15%CaCO3	(Figure	2.9)	show	that	
equilibrium	was	reached	between	garnets	 in	the	garnet	 layer	and	the	sample	matrix.	
These	allow	us	to	conduct	XANES	measurements	of	ferric	to	total	iron	ratio	in	garnets	
from	 the	 garnet	 layer,	 which	 are	 in	 equilibrium	 with	 the	 rest	 of	 the	 phases	 of	
experimental	 sample.	 Accurate	 and	 precise	 estimation	 of	 Fe3+/ΣFe	 is	 necessary	 for	
accurate	 determination	 of	 andradite	 component	 activity	 in	 garnets,	 which	 is	 a	 key	
parameter	of	the	oxybarometer	reaction	dedicated	to	evaluate	the	oxygen	fugacity	of	
eclogite	assemblage	(both	natural	and	experimental).		
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Conclusions	
	
Main	conclusions	of	this	experimental	series	are:	
	
- Solidus	 for	EA1+10%Ca,MgCO3	at	P=35	kbar	was	determined	at	 temperatures	
between	 900	 and	 950	 oC;	 experiments	 at	 P=60	 kbar	 were	 presumably	
conducted	 at	 sub-solidus	 conditions.	 The	 solidus	 for	 EA1+15%Ca,MgCO3	 at	
P=30	and	35	kbars	was	determined	to	lie	a	little	above	1000	oC.	
- Approach	 to	 equilibrium	 improves	 with	 increasing	 temperature	 and	 melt	
fraction.	 Experiment	 above	 T=1000oC	 showed	 compositional	 equilibrium	
between	 garnet	 in	 the	 garnet	 layer	 and	 the	 mix	 layer	 in	 the	 first	 series	 of	
experiments.		
- Addition	of	K2CO3	triggered	the	increase	of	the	melt	flux	and	melt	fraction	and	
as	 a	 result	 should	 have	 approached	 to	 equilibrium	 between	 garnets	 in	 the	
garnet	 layer	 and	 the	 mix	 layer.	 Only	 one	 experiment	 with	 added	 K2CO3	 at	
T=1100	oC	shows	reasonable	equilibration.		
- Chemical	 equilibrium	 of	 EA1+15%Ca,MgCO3	 series	 was	 obtained	 between	
T=900	and	1200	oC	according	to	geothermometry.		
- Subsolidus	 runs	 can	 estimate	 coesite	 +	 Ca-Mg	 carbonate	 =	 diopside-rich	
clinopyroxene	+	C	+	O2	reaction	position	on	P-T-fO2	space	
- As	a	result	of	run	products	large	crystals	of	garnet	(>30	microns)	formed	in	all	
experimental	 runs.	 This	 will	 allow	 measurement	 of	 Fe3+/ΣFe	 ratios	 in	
experimental	garnets	using	the	XANES	technique	and	the	flank	method.	
- Fe	and	noble	metal	alloys	in	equilibrium	with	experimental	eclogite	assemblage	
are	employed	to	monitor	oxygen	fugacity	during	experimental	run.	
	
	
	
	
	
		
		
	
Chapter	3.	Noble	metal	alloys	as	redox	sensors	in	high	PT	
experiments.	The	calibration	of	Fe-Pd	alloys	as	an	fO2	sensor	
	
Introduction	
	
The	redox	state	of	a	system	with	multivalent	elements	(e.g.	Fe0/Fe2+/Fe3+)	is	buffered	
by	 redox	 reactions	 between	 phases	 in	 the	 system	 and	 can	 be	 monitored	 by	 the	
oxidation	state	of	elements	present	in	the	constituent	phases.	Oxygen	fugacity	(fO2)	is	
a	 critical	 part	 of	 such	 reactions	 and	 it	 dictates	 the	 redox	 chemistry	 of	 phases	 in	 the	
system.	One	 of	 the	 aims	 of	 this	 project	 is	 to	 estimate	 the	 redox	 state	 of	 carbonate	
eclogite	during	a	high-pressure	experiment	without	an	external	fO2	buffer.	Monitoring	
of	 the	 experimental	 assemblage’s	 fO2	 is	 essential	 to	 model	 the	 redox	 processes	 in	
carbonate	eclogites	 (Luth,	1993).	Thus	we	employed	the	Fe-Ir	 sliding	redox	sensor	 in	
the	 experiments	 (Schwerdtfeger	 and	 Zwell,	 1968;	 Woodland	 and	 O'Neill,	 1993).	 In	
addition,	for	reasons	outlined	below,	the	activity	composition	relations	of	Fe-Pd	alloys	
were	calibrated	as	a	new	redox	sensor	for	high-pressure	experiments.			
In	 principle,	 any	 noble	metal	 can	 be	 used	 to	monitor	 oxygen	 fugacity	 since	 they	 all	
have	 extensive	 solid	 solution	 with	 Fe	 (Kubaschewski,	 2013).	 In	 a	 system	 with	 iron	
bearing	phases,	such	as	iron	oxide	or	silicate	minerals,	the	following	equilibrium	exists	
(Woodland	and	O'Neill,	1997):		
FeOx/2	(ΩO)	=	Fe	+	(ΩO)	+	x/2O2																																																																						(Equation	3.1)	
where	Fe	 is	metal	 in	alloy,	x	 is	the	valence	state	 in	(ΩO),	 iron	bearing	phase:	silicate,	
oxide	etc.		
	
The	 fO2	 of	 the	 reaction	 at	 equilibrium	 is	 derived	 from	 the	 Gibbs	 free	 energy	 and	
activities	of	components	in	the	system	by	the	relation:	
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RT	ln	fO2	=	(-ΔGor	–	RT	ln[a(M)a(ΩO)/aMOx/2(ΩO)]	)	/	
!!																	(Equation	3.2)	
where	-ΔGor	is	the	free	energy	of	reaction,	R	is	universal	gas	constant,	T	is	temperature	
of	 reaction	 in	 Kelvin,	 x/2	 is	 the	 mole	 amount	 of	 oxygen;	 a(M),	 a(ΩO),	 aMOx/2(ΩO)	 are	
activities	 of	 Fe	 in	 the	 alloy,	 in	 the	 silicate	 or	 oxide	 phase,	 and	 in	 the	 Fe-bearing	
component	of	that	phase,	respectively.	
	
This	 is	 the	 principle	 of	 fO2	monitoring	 by	 Fe	 and	noble	metal	 alloy	 sensor	 in	 the	 Fe-
bearing	 system.	 According	 to	 the	 Equation	 3.2	 the	 evaluated	 fO2	 is	 inversely	
proportional	to	the	activity	of	Fe	in	the	alloy	(and	hence	to	the	concentration	of	Fe).	In	
other	 words	 the	 higher	 the	 fO2	 of	 carbonate	 eclogite	 experiment,	 the	 lower	 the	
concentration	of	Fe	in	the	alloy.	
	
Fe-Pt,	Fe-Ir	alloys	are	the	most	commonly	used	oxygen	fugacity	sensors	in	Fe-bearing	
experimental	runs	((Gudmundsson	and	Holloway,	1993;	Hultgren	et	al.,	1973;	Tomiska,	
1989;	 Woodland	 and	 O'Neill,	 1997;	 Swartzendruber,	 1984).	 However	 the	 range	 of	
experimental	 fO2		is	 limited	by	 the	concentration	of	Fe	 in	 the	sensor	alloy.	The	higher	
fO2	of	the	system,	the	lower	the	concentration	(and	activity)	of	Fe	in	the	alloy	(Equation	
3.2)	and	the	larger	the	analytical	uncertainty	in	its	measurement.	Therefore,	when	the	
concentration	of	Fe	in	the	noble	metal	alloy	is	low,	(near	analytical	detection	limit),	the	
analytical	uncertainly	can	propagate	to	a	large	uncertainty	in	the	fO2	estimate.		
Thermodynamic	 modelling	 of	 the	 solubility	 of	 Fe	 in	 noble	 metals	 conducted	 by	
(Borisov	 and	 Palme,	 2000)	 showed	 that	 at	 the	 same	 conditions	 of	 fO2	 and	 T,	 the	
solubility	 of	 Fe	 in	 various	 noble	 metals	 is	 different	 (Figure	 3.1).	 The	 highest	
concentrations	of	Fe	in	all	noble	metal	alloys	are	reported	to	be	at	reduced	conditions	
(log	 fO2<-10	 at	 T=1200oC).	 In	 contrast,	 at	 relatively	 oxidizing	 conditions	 (about	 QFM	
buffer	 and	 above)	 the	 solubility	 of	 Fe	 in	 noble	 metals	 decreases.	 Above	 QFM	 the	
concentration	of	Fe	in	Fe-Pt	alloy	is	the	highest,	followed	by	Fe-Pd	alloy.	There	is	very	
low	solubility	of	Fe	in	Fe-Ir	and	it	is	almost	negligible	in	Fe-Au	alloy.		
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Figure	3.1.	The	thermodynamic	model	of	solubility	of	Fe	in	noble	metals	at	1	atm	and	
T=1200	oC	(Borisov	and	Palme,	2000).	
	
In	previous	experimental	studies,	the	relatively	reduced	fO2	of	peridotite	assemblages	
(around	QFM-1)	was	monitored	using	the	Fe-Ir	alloy	with	acceptable	precision	based	
on	relatively	low	concentrations	of	Fe	in	alloy	(Rohrbach	and	Schmidt,	2011;	Stagno	et	
al.,	2014).	However	the	 fO2	of	carbonate	eclogite	assemblage	 is	believed	to	be	higher	
than	the	peridotite	one.	Therefore	Fe-Pd	or	Fe-Pt	should	be	employed	as	more	suitable	
alloy	sensor	to	monitor	fO2	due	to	higher	solubilty	of	Fe.		
	
In	order	to	assess	the	more	appropriate	alloy	system	for	experimental	calibration	as	a	
sliding	redox	sensor,	the	binary	phase	relations	of	Fe-Pt,	Fe-Pd	and	Fe-Ir	alloys	at	the	
experimental	 conditions	 of	 high	 temperature	 and	 pressure	 were	 examined	 for	 the	
undesirable	 presence	 of	 intermediate	 phases.	 The	 Fe-Pt	 binary	 system	 has	
intermediate	 phases	 over	 an	 extensive	 composition	 and	 temperature	 range	 (Figure	
3.2).	FePt3	phase	is	stable	at	up	to	1350	oC	at	the	Pt-end	of	the	solid	solution.	With	the	
lowest	melting	point	of	Fe-Pt	(FCC)	(or	γFe,Pt)		solid	solution	at	1519	oC,	the	range	of	
experimental	 temperatures,	 where	 the	 Fe-Pt	 (FCC)	 alloy	 sensor	 can	 be	 used	 is	 very	
limited	 (Hultgren	et	al.,	 1973).	 Therefore	 Fe-Pt	 alloy	 sensors	 cannot	be	employed	 to	
monitor	fO2	in	experiments	with	stable	carbonate	phases.	
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Figure	 3.2.	 The	 phase	 diagram	 of	 Fe-Pt	 binary	 at	 T=600-1800	 oC	 and	 P=1	 atm	
(Kubaschewski,	2013).	
	
Both	Fe-Ir	 and	Fe-Pd	binary	 systems	have	extensive	 solid	 solution	 (FCC)	over	a	 large	
range	 of	 temperatures:	 850-1520	 oC	 for	 Fe-Ir	 alloy	 and	 890-1304	 oC	 for	 Fe-Pd	 alloy	
(Figure	3.3)	(Kubaschewski,	2013).		
	
The	phase	diagram	of	the	Fe-Pd	system	was	extensively	investigated	by	(Kubaschewski,	
2013;	 Okamoto,	 1993).	 The	 most	 thermodynamically	 investigated	 phase	 is	 FCC	
structure	 of	 Fe-Pd	 binary	 (γ(Fe,Pd),	 which	 is	 stable	 over	 the	 complete	 range	 of	
compositions	at	temperatures	from	about	900-1300°C.	The	liquidus/solidus	boundary	
has	a	minimum	at	about	1304oC	and	0.55	XPd	(mole	fraction).	Although	Fe-Pd	(FCC)	is	
known	 to	 be	 stable	 at	 low	 temperatures	 (below	 823	 oC)	 on	 the	 Pd-rich	 side	 of	 the	
system,	the	FCC	phase	is	limited	by	the	formation	of	FePd	and	FePd3	at	around	820oC.	
On	 the	 Fe-rich	 side	 of	 the	 system	 the	 small	 miscibility	 gap	 in	 the	 FCC	 phase	 at	
maximum	of	around	890	oC	 is	not	well	defined	(Figure	3.3).	The	positions	of	 liquidus	
and	 phase	 transition	 lines	 are	 also	 reported	 not	 to	 change	with	 increasing	 pressure	
(Ghosh	 et	 al.,	 1999;	 Tino	 and	 Iguchi,	 1983).	 	 Hence	 Fe-Pd	 (FCC)	 is	 stable	 at	
890<T(oC)<1304	over	the	complete	range	of	binary	Fe-Pd	compositions.	
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Figure	 3.3.	 The	 Fe-Pd	 binary	 system.	 Composition	 of	 Fe-Pd	 alloy	 on	 X	 axis	 and	
temperature	(oC)	on	Y	axis	(SGTE,	2005).	
	
To	employ	the	γ(Fe,Pd)	phase	as	a	sensor	to	monitor	fO2	of	experiments,	an	activity-
composition	model	needs	 to	be	developed.	Due	 to	 the	non-ideal	mixing	between	Fe	
and	Pd	(or	other	noble	metal)	the	activity	of	Fe	in	the	alloy	has	a	major	contribution	of	
excess	energy	of	mixing,	 i.e.	activity	cannot	be	derived	directly	from	mole	fraction	of	
Fe.	 Thus	 composition	 –	 activity	 relation	 of	 Fe	 in	 alloy	 needs	 to	 be	 experimentally	
calibrated	and	thermodynamically	modeled	at	appropriate	PT	conditions.		
	
The	activities	in	Fe-Pd	alloy	at	1	atm	and	T=950-1300oC	were	previously	determined	by	
thermal	 balance	 (Aukrust	 and	 Muan,	 1962),	 electrochemical	 measurements	 (Algock	
and	Kubik,	 1969),	mass	 spectrometric	methods	 (Tomiska,	 1989)	 and	 thermodynamic	
modeling	 (Ghosh	 et	 al.,	 1999).	 Although	 the	 mixing	 model	 between	 Fe	 and	 Pd	 has	
been	established	as	asymmetric,	 the	Margulis	 interaction	parameters	 for	an	activity-
composition	thermodynamic	model	for	Fe	in	Fe-Pd	alloy	were	not	developed	in	these	
studies.	Here	I	focus	on	developing	the	activity-composition	model	of	Fe	in	Fe-Pd	alloy	
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at	 high	 PT	 conditions	 in	 an	 order	 to	 calibrate	 the	 alloy	 for	 fO2	 monitoring	 in	
experiments.	
	
In	 this	 project	we	 employed	 an	 experimental	 approach,	 using	 fixed	 fO2	controlled	 by	
various	 buffers	 to	 derive	 the	 activity	 of	 Fe	 in	 Fe-Pd	 alloy	 from	 the	 composition	 in	
equilibrium	 with	 magnetite	 or	 wüstite	 at	 various	 PT	 conditions.	 In	 both	 the	
experimental	 series	with	gas	mixing	 furnaces	 (1	atm)	at	various	 fO2	 (CCO	buffer)	and	
the	 high-pressure	 experiments	 with	 external	 buffers	 (Co-CoO	 and	 W-WO2)	 and	 in	
stability	field	of	wüstite	the	activity	is	derived	by	the	relationship:	
Log	a!"!""#$=	[log	fO2	(IW)	–	logfO2	(buffer)]	/	2																								(Equation	3.3)	
	
And	for	stable	magnetite	as	a	product	of	experiment	the	oxygen	fugacity	is	derived	as:	
Log	a!"!""#$=	[log	fO2	(Fe-Fe3O4)	–	log	fO2	(buffer)]	/	1.5									(Equation	3.4)	
where	𝑎!"!""#$	is	 the	 activity	 of	 Fe	 in	 Fe-Pd	 alloy,	 log	 fO2	 (IW)	 is	 derived	 from	 iron-
wustite	buffer	reaction	(O'Neill	and	Pownceby,	1993)	and	log	fO2	(Fe-Fe3O4)	is	derived	
from	 iron-magnetite	 buffer	 reaction	 (O'Neill,	 1988);	 logfO2	 (buffer)	 is	 CO-CO2	 gas	
mixture	for	1	atm	experiments	(Huebner,	1975),	Co-CoO	reaction	buffer	(in	proportion	
50:50)	and	W-WO2	reaction	buffer	(in	proportion	50:50)	for	high-pressure	experiments	
(O'Neill	and	Pownceby,	1993)	
	
The	activity-composition	relationship	is:	
Log	a!"!""#$	=	log γ!"!""#$	+	log χ!"!""#$																																														(Equation	3.5)	
where	γ!"!""#$	is	the	activity	coefficient	of	Fe	in	alloy	and	χ!"!""#$	is	the	mole	fraction	of	Fe.	
	
The	mole	fraction	of	Fe	(XFe)	is	the	moles	of	Fe	divided	by	the	total	moles	in	Fe-Pd	alloy	
and	can	be	calculated	from	the	analyzed	concentrations.	Then,	the	only	unknown	part	
of	activity-composition	relation	is	the	activity	coefficient	( γ!"!""#$or	just	γFe).	The	activity	
coefficient	is	the	derivative	of	the	excess	energy	of	asymmetric	mixing	of	Fe-Pd	binary	
and	can	be	expressed	as	(Thompson,	1967):	
RTln	γFe	=	(1	-	XFe)2	(WFe-Pd	+	2	(WPd-Fe	-	WFe-Pd)	XFe)																	(Equation	3.6)	
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where	R	is	the	gas	constant;	T	is	temperature	in	Kelvin;	γFe	is	the	activity	coefficient;	XFe	
is	 the	mole	 fration	 of	 Fe	 in	 the	 alloy;	WFe-Pd	and	WPd-Fe	are	 the	Margulis	 interaction	
parameters	for	asymmetric	Fe-Pd	binary.	
	
Generally	the	Margulis	 interaction	parameter	 (WG)	 for	geological	conditions	(P>>1)	 is	
expressed	as	the	relation	of	enthalpic	(WH),	entropic	(WS)	and	volumetric	(WV)	terms	
(Thompson,	1967):	
WG	(P,T)	=	WH	(1	bar,T)	-	TWS	(1	bar,	T)	+PWV																								(Equation	3.7)	
where	P	is	the	pressure	in	bar,	T	is	temperature	in	Kelvin.	
	
WH	 and	 WS	 terms	 are	 related	 to	 the	 excess	 heat	 capacity	 of	 mixing	 and	 WV	 is	
independent	 of	 P	 (Ganguly,	 2001).	 The	 equation	 3.6	 states	 that	 the	 Margulis	
interaction	parameter	of	 Fe	 in	 the	 alloy	 is	 dependent	on	pressure	 and	 temperature.	
Therefore	 in	 this	 project	 the	 experimental	 calibration	 of	 the	 activity	 coefficient	
(Equation	 3.7)	 is	 performed	 at	 various	 PT-conditions	 in	 stability	 field	 of	 γ(Fe,Pd)	
allotrope	(moles	of	Fe	to	Pd	in	alloy	1:1).		
	
The	effect	of	pressure	and	 temperature	on	 the	activity-composition	 relation	of	Fe	 in	
Fe-Pd	alloy	was	investigated	in	a	series	of	hydrous	experiments	which	were	conducted	
in	a	piston-cylinder	apparatus	using	the	double-capsule	technique.	These	experiments	
used	an	external	Co-CoO	and	W-WO2	buffer	at	various	temperatures	(900-1100oC)	and	
pressure	 (5	 to	 30	 kbar).	 A	 newly	 designed	 bilateral	 technique	 (i.e.	 two	 Fe-Pd	 alloys	
formed	simultaneously	in	experimental	runs	from	two	starting	compositions,	one	pure	
Pd	 and	 the	 other	 Fe90Pd10)	 was	 used	 to	 bracket	 the	 equilibrium	 composition	 of	 the	
alloy	 in	 the	experimental	 runs	 from	opposing	 compositional	directions	and	 to	gain	a	
more	accurate	evaluation	of	 the	chemical	 composition	of	 Fe	and	noble	metal	alloys.	
Finally	least	squares	modelling	of	the	calibration	experimental	results,	combined	with	
literature	 data	 (Ghosh	 et	 al.,	 1999;	 SGTE,	 2005)	 enabled	 evaluation	 of	 the	Margulis	
interaction	parameters	 for	 Fe-Pd	 alloy,	 hence	 formulation	of	 an	 activity-composition	
model	for	the	alloy.		
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The	newly	calibrated	Fe-Pd	alloy	and	Fe-Ir	alloy	were	employed	to	monitor	the	oxygen	
fugacity	of	carbonate	eclogite	experimental	series	at	high	PT	conditions	(see	Chapter	
7).	 The	 fO2	 evaluated	 by	 Fe-Pd	 and	 Fe-Ir	 sensor	 alloys	 were	 used	 to	 calibrate	 the	
eclogite	oxybarometer	reactions	in	this	project	(see	Chapter	7).		
	
Methodology			
In	 theory,	 Fe-Pd	alloy	based	 fO2	 sensors	 can	be	used	 in	any	Fe-bearing	experimental	
system	 if	 reasonable	 chemical	equilibrium	can	be	 reached	between	alloy	 sensor	and	
other	phases	in	the	experimental	system.	Therefore,	the	experimental	conditions	can	
vary	 considerably,	 depending	 on	 the	 system’s	 composition.	 For	 experiments	 with	 a	
high	degree	of	melting	 (significantly	 above	 the	 solidus),	 equilibrium	can	normally	 be	
reached	with	 relatively	 short	 run	 times	 (Table	 3.1)	 because	 of	 the	 fluxing	 effects	 of	
partial	melts	and	rapid	diffusion	of	chemical	components	 in	melts	compared	to	solid	
phases.	 Conversely,	 experiments	 below	 or	 near	 the	 solidus	 require	 more	 time	 to	
equilibrate	due	to	the	absence	of	the	“fluxing”	agent	(in	most	of	cases	melt)	and	hence	
relatively	 slow	 processes	 of	 solid	 state	 diffusion.	 In	 this	 project	 I	 have	 used	 a	 new	
technique	 (the	bilateral	 technique)	 to	check	 the	equilibrium	of	experiments	at	 those	
conditions.		
The	 bilateral	 technique	 is	 based	 on	 the	 principle	 of	 bracketing	 the	 composition	 of	
sensor	alloy	at	equilibrium	with	the	experimental	system	with	simultaneous	use	of	two	
compositionally	 distinct	 alloys.	 This	 requires	 use	 of	 one	 fO2	monitor	 with	 an	 Fe	 pre-
doped	composition	(in	this	case	Fe90Pd10)	and	another	as	a	pure	Pd	powder.	As	a	result	
of	the	chemical	reaction	between	the	system	and	the	pre-doped	FePd	alloy,	the	alloy	
will	“lose”	Fe	to	the	system	while	the	Pd	powder	will	alloy	with	Fe	from	the	system.	An	
equal	 amount	 of	 Fe	 in	 both	 monitors	 at	 the	 end	 of	 the	 experimental	 run	 would	
represent	equilibrium,	and	can	be	used	to	evaluate	the	oxygen	fugacity	of	equilibrated	
experimental	system	at	near	or	below	solidus	conditions.	
	
Ultra-high	 purity	 Fe	 and	 Pd	 powders	 were	 taken	 in	 a	 mole	 fraction	 of	 90:10,	 and	
thoroughly	mixed	in	a	mortar	and	pestle	under	acetone.	The	resulting	mix	of	Fe	and	Pd	
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powders	were	placed	 in	 a	 quartz	 tube	with	 a	melting	 point	 of	 1715	 oC	 	 (Bansal	 and	
Doremus,	 1986)	 The	 solidus	 of	 Fe90Pd10	 alloy	 is	 about	 1500	 oC	 (Figure	 3.3)	 (SGTE,	
2005).	 The	 Fe90Pd10	 alloy	 was	 produced	 in	 an	 elevated	 furnace	 at	 low	 vacuum	
conditions	in	the	experimental	petrology	laboratory	at	RSES	(ANU).	
	
The	quartz	tube	was	sealed	from	one	side	and	the	dried	(overnight	in	100oC	oven),	and	
then	 Fe	 and	 Pd	 powder	mix	 placed	 inside.	 The	 vacuum	was	 achieved	 using	 a	 rotary	
vacuum	pump	attached	from	the	other	side	of	tube.	The	tube	was	slowly	placed	in	an	
elevated	 furnace	 with	 an	 insulator	 on	 the	 top	 with	 a	 hole	 in	 the	 middle.	 The	
temperature	of	 the	experiment	was	 fixed	at	1550	oC,	enough	to	melt	both	metals	 in	
the	mixture	but	not	 the	quartz	 tube.	The	quartz	 tube	and	product	of	 synthesis	were	
then	quenched	in	water.	A	piece	of	alloy	produced	was	cut	off	with	a	diamond	saw	and	
analyzed	 by	 microprobe	 to	 validate	 the	 composition	 of	 produced	 alloy	 at	 Fe90Pd10	
(Table	3.1).	Finally,	the	powder	was	made	from	the	Fe90Pd10	with	a	steel	file,	followed	
by	magnetic	separation	of	the	steel	file	parts	from	the	powder.		
The	 general	 experimental	 technique	 to	 monitor	 fO2	 is	 to	 place	 small	 amounts	 of	
Fe90Pd10	 and	 pure	 Pd	 powders	 on	 opposite	 sides	 of	 the	 sample	 surrounded	 with	
experimental	mixture	to	avoid	contact	with	the	capsule	material	(if	the	the	capsule	is	
made	 made	 from	 a	 noble	 metal)	 (Figure	 3.4).	 	 The	 amount	 of	 powder	 should	 be	
restricted	to	a	few	milligrams	to	avoid	the	significant	contamination	of	the	system	with	
Fe	from	the	iron	pre-doped	Fe-Pd	alloy.	
	
	
Figure	3.4.	Example	of	high-pressure	experimental	capsule	design	with	fO2	Fe-Pd	alloy	
sensors	and	bilateral	technique.		
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A	similar	technical	approach	was	employed	in	series	of	experiments	 in	1	atmosphere	
gas-mixing	 furnaces	 and	 piston-cylinder	 apparatuses	 to	 constrain	 thermodynamic	
activity-composition	of	Fe	in	Fe-Pd	(FCC)	alloy.	
	
Gas	mixing	furnace	experiments	
Experiments	with	Pt,	Ir,	Pd	metals	and	Fe90Pd10	alloy	were	conducted	in	1	atmosphere	
gas	 mixing	 furnaces	 with	 controlled	 temperature	 and	 oxygen	 fugacity.	 The	 oxygen	
fugacity	 was	 controlled	 by	mixing	 of	 CO	 and	 CO2	 in	 various	 proportions.	 The	 noble	
metal	and	alloy	powders	were	placed	 in	order	as	 layers	with	hematite	 in	an	alumina	
bucket	(Figure	3.5).	Hematite	was	used	as	a	source	of	 iron,	although	any	Fe	oxide	or	
pure	Fe	in	theory	could	be	used	in	such	experiments.		
	
	
	
Figure	3.5.	The	BSE	image	of	1	atm	gas	mixing	furnace	experimental	sample.	The	layers	
of	 noble	 metals	 and	 alloy	 are	 highlighted	 with	 blue	 dashed	 lines.	 The	 majority	 of	
sample	is	Fe	oxide.	
	
The	 alumina	 bucket,	with	 two	 holes	 on	 the	 upper	 side	 and	 an	 experimental	 sample	
inside,	was	hooked	to	an	alumina	tube	with	platinum	wire.	The	alumina	tube	was	used	
as	an	insulator	for	the	thermocouple	and	the	holder	of	experimental	assemblage.		
The	tube	was	slowly	introduced	into	the	heater	of	the	furnace.	The	bottom	of	furnace	
cylinder	 was	 closed	 and	 the	 top	 part	 was	 sealed	 during	 the	 experiment.	 The	
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experimental	 temperature	 was	 set	 to	 1300oC	 and	 controlled	 by	 a	 Eurotherm	
controller.	 A	 secondary	 monitor	 of	 the	 experimental	 temperature	 was	 conducted	
manually,	 using	 a	 voltmeter/thermometer	 attached	 to	 the	 end	 of	 thermocouples.	
Although	the	temperature	of	experiments	was	programmed,	a	small	offset	from	1300	
oC	occurred.	A	series	of	experiments	was	conducted	at	various	oxygen	fugacities	and	
experimental	 run	 times	 (Table	 3.1).	 Before	 the	 experiment	 started	 the	 column	 was	
purged	by	argon	flow	to	replace	air.	The	gas	flow	of	CO	and	CO2	was	set	manually	 in	
proportions	given	in	Table	3.1.	The	experimental	runs	were	quenched	in	distilled	water	
before	stopping	the	gas	flow	and	heating.		
Each	experimental	sample	was	placed	in	an	epoxy	mount	and	polished	gradually	to	1	
micron.	 Some	 of	 the	 samples	were	 impregnated	 in	 epoxy	 under	 vacuum	 conditions	
due	 to	 the	presence	of	 fragile	phases.	The	products	of	each	 run	were	analysed	on	a	
JEOL6400	 SEM	 fitted	 with	 a	 Link	 Energy	 Dispersive	 detector	 (Centre	 for	 advanced	
Microscopy,	ANU).	Calibration	for	Pt,	Ir,	Pd	and	Fe	was	conducted	before	each	analysis	
shift	using	NIST	standard	metals.			
The	Fe	 source	 (in	 this	 case	hematite)	after	experiments	 (Figure	3.5)	additionally	was	
analyzed	 by	 X-Ray	 Diffraction.	 Establishing	 the	 post-run	 presence	 of	 the	 Fe	 oxide	
phases	(wüstite	or	magnetite)	was	critical	for	thermodynamic	constraint	of	the	redox	
reaction	between	Fe-Pd	alloy	and	Fe	oxide	(Equation	3.3	for	stable	wüstite	and	3.4	for	
stable	magnetite).	The	XRD	analyses	were	performed	by	Siemens	X-Ray	diffractometer,	
RSES,	ANU	in	situ	and	in	reflective	mode.	A	sample	was	centered	in	the	middle	of	the	
sample	 holder	with	 the	 topside	 as	 parallel	 as	 possible	 to	 the	 sides	 of	 holder	 (Figure	
3.6).		
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Figure	3.6.	The	position	of	sample	in	the	center	of	holder	and	the	geometry	of	source	–	
sample	–	detector	during	the	scan.	
			
2	 Theta	 of	 the	 scan	 was	 limited	 from	 20	 to	 100	 degrees	 and	 rotating	 sample.	 The	
analysis	 was	 performed	 in	 two	 steps:	 a	 quick	 scan	 for	 identification	 of	 the	 sample	
position	in	holder	and	a	long	run	(4	hours)	for	a	qualitative	analysis.	The	acquired	X-ray	
pattern	had	peaks	of	Fe	oxide	with	traces	of	peaks	from	the	alloys	(Figure	3.7).	Note	
that	this	mode	of	X-ray	diffraction	analysis	cannot	be	used	as	a	quantitative	scan	of	a	
sample	with	multiple	phases,	 since	 the	2	Theta	angles	of	 the	 scan	are	not	 complete	
and	there	 is	a	possible	complication	 in	 refinement	process	 from	parameters,	 such	as	
orientation	 effects.	 All	 results	 of	 X-ray	 patterns	 were	 processed	 using	 Diffrac.EVA	
software	 from	 Bruker.	 The	 program	 is	 based	 on	 extensive	 variety	 of	 algorithms	 for	
mineral	 identification	 from	 large	 reference	 data	 collection.	 The	 results	 of	 identified	
wüstite	 or	 magnetite	 are	 given	 in	 Table	 3.1	 as	 values	 of	 log	 fO2	 of	 IW	 or	 Fe-Fe3O4	
buffers		
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Figure	3.7.	The	example	of	XRD	scans	of	magnetite	in	D130814	(Table	3.1).	Red	peaks	
are	from	magnetite	phase	in	the	sample.	
	
High-pressure	experimental	technique	
Piston-cylinder	 experiments	 were	 conducted	 at	 P=5-30	 kbar	 and	 T=900-1100	 oC	 to	
investigate	 the	 effects	 of	 pressure	 on	 activity	 coefficients	 of	 Fe	 in	 Fe-Pd	 alloys	
(Equation	3.7).	The	previously	described	general	principle	of	experimental	design	was	
employed	 in	 this	series	 (Figure	3.4).	The	technique	was	hydrous	double	capsule	with	
external	control	of	fO2	by	Co-CoO	and	W-WO2	buffers	in	the	outer	capsule	(Ulmer	and	
Barnes,	1987).	Pure	Pd	and	Fe90Pd10	powders	were	placed	inside	the	internal	capsule	
as	 layers	 in	 magnetite	 powder	 (source	 of	 Fe	 for	 alloying)	 without	 contact	 with	 the	
internal	Pt	capsule	(Figure	3.8).	
58	 CHAPTER	3.	NOBLE	METAL	ALLOY	REDOX	SENSORS		
	
Figure	3.8.	The	BSE	image	of	experimental	run	product.	The	configuration	of	the	inner	
capsule	is	a	layer	of	Pd	(left,	bright	material)	and	Fe90Pd10	(right,	bright	spots	in	darker	
material)	in	Fe	oxide	surrounded	by	a	Pt	capsule	(bright	rim	around	sample).	
	
The	log	fO2	equilibration	agent	between	the	sample	in	the	inner	capsule	and	the	buffer	
material	in	the	outer	capsule	was	hydrogen.	Therefore	the	inner	capsule	material	was	
platinum	with	high	permeability	rate	for	H2	at	T>700	oC	(Ulmer	and	Barnes,	1987).	On	
other	hand	the	experimental	series	at	T=900oC	and	P=10-30	kbar	were	conducted	with	
a	silver	outer	capsule	(thickness	around	4	mm)	to	prevent	the	hydrogen	loss	from	the	
outer	capsule	to	the	external	medium.	The	experimental	series	at	T=900-1100	oC	and	
P=5	 kbar	 employed	Ag50Pd50	external	 capsule	 (thickness	 less	 than	 1	mm)	 due	 to	 the	
low	melting	point	of	Ag	(961oC	at	1	atm).	
	
The	internal	platinum	capsule	was	thoroughly	sealed	by	welding	and	placed	inside	the	
outer	capsule	with	a	large	amount	of	buffer	material	presented	in	proportions	50:50	of	
Co-CoO	or	W-WO2.	The	outer	capsule	was	crimped	and	welded	as	well.	Both	inner	and	
outer	capsules	have	a	drop	of	water	(20-30	mg)	injected	into	sample	material.	
The	 experimental	 series	 at	 T=900	 oC,	 P=10-30	 kbars,	 with	 the	 thick	 external	 silver	
capsule	had	 run	 times	of	 36	hours	 in	 the	piston	 cylinder	 apparatus.	 The	experiment	
series	at	P=5	kbar,	T=900-1100	oC,	with	an	external,	ordinary	Ag50Pd50	capsule	had	run	
times	 of	 20	 hours.	 The	 shorter	 experimental	 time	 aimed	 to	 hinder	 major	 H2	 loss	
through	the	thin-walled	external	Ag50Pd50	capsule.	
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After	each	experimental	run,	the	outer	capsule	was	pierced	to	confirm	the	presence	of	
excess	water.	The	products	of	the	run	were	mounted	in	epoxy,	polished	and	analysed	
with	SEM	(CAM,	ANU)	and	XRD	(RSES,	ANU).	
	
Results	of	experimental	series	at	1	atm	and	high-pressure	conditions	
	
The	results	of	the	experiments	conducted	at	1	atm	gas-mixing	furnace	are	presented	in	
Table	 3.1.	 Unfortunately,	 the	 EDS	 analysis	 results	 (JEOL	 SEM)	 of	 experimental	 Fe-Pd	
alloys	were	not	adequate.	Although	standardization	procedure	was	conducted	before	
analyses	(NIST	metal	standards)	the	total	wt%	of	Fe	and	Pd	binary	was	estimated	far	
below	a	 total	 of	 100	wt.%	 (Figure	 3.8).	 The	possible	 explanation	of	 low	 totals	 is	 the	
limitation	of	EDS	or	contamination	of	alloys	with	other	material.		
 
Figure	3.8a.	Average	results	of	EDS	analyses	of	experimental	alloys	at	various	 log	 fO2	
(controlled	 by	 CO/CO2	buffer).	 Uncertainties	 are	 based	 on	 1	 sigma	 of	 multiple	 spot	
analyses	(Table	3.2).	
	
At	higher	fO2	The	detected	concentration	of	Fe	in	Pd	alloy	is	almost	the	same	as	in	Pt	
alloy	and	higher	than	in	Ir	one	(Table	3.1).	Although	the	totals	were	not	adequate	mole	
fractions	of	Fe	in	Fe-Pd	alloys	(two	starting	compositions	of	pure	Pd	and	Fe90Pd10)	were	
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estimated	at	various	experimental	various	log	fO2	conditions	in	order	to	see	difference	
between	 experimental	 conditions.	 (Figure	 3.9)	 (Table	 3.1).	 Fe-Ir	 and	 some	 of	 Fe-Pt	
alloy	 experimental	 samples	 have	 nearly	 good	 totals	 and	 therefore	 we	 can	 test	 the	
changes	in	composition	based	on	their	mole	fractions	too.	
	
Figure	3.9.	The	mole	 fractions	of	Fe	 in	Fe-Ir	 (green	 line),	 Fe-Pt	 (red	circle)	and	Fe-Pd	
(dark	blue	diamond	symbol	 for	pure	Pd	starting	composition	and	 light	blue	diamond	
symbol	for	Fe90Pd10)	alloys	at	various	experimental	log	fO2	and	T=1300oC.	
	
The	activity	 coefficient	of	 Fe	 in	 alloys	 (γFe)	was	also	evaluated	by	equation	3.5	using	
derived	activities	(Equations	3.3	and	3.4)	and	mole	fractions	(Table	3.1).	Values	of	γFe	
were	 compared	 to	 calculated	 γFe	 (Equation	 3.6)	 of	 Fe-Ir	 binary	 (Schwerdtfeger	 and	
Zwell,	 1968)	 and	 Fe-Pt	 (Kessel	et	 al.,	 2001).	 At	 high	 and	 low	mole	 fractions	 of	 Fe	 in	
alloys	 the	calculated	and	experimentally	derived	activity	coefficients	show	very	close	
results	(Table	3.1).	However	in	the	middle	range	of	XFe	the	offsets	between	the	values	
are	more	apparent	(Figure	3.10).	
	
The	 results	of	 gas	mixing	 furnace	experiments	of	 Fe-Pd	alloys	were	poor	due	 to	 low	
totals	and	therefore	were	not	employed	to	derive	the	Margulis	interaction	parameters	
of	 Fe	 activity	 coefficient	 (the	 activity-composition	 model	 of	 Fe	 in	 Fe-Pd	 alloy).	 The	
effects	of	 temperature	and	pressure	on	 the	activity	 coefficients	of	Fe	 in	Fe-Pd	alloys	
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was	 therefore	 constrained	 using	 only	 results	 of	 the	 hydrous	 double	 capsule	
experimental	series	in	piston	cylinder-apparatuses,	along	with	literature	data.	
	
Figure	3.10.	The	derived	activity	coefficients	(γFe)	from	1	atm	experimental	results	and	
calculated	γFe	(Ir	est	and	Pt	est)	with	parameters	from	literature	data	(see	text).	
	
The	results	of	the	piston	cylinder	experimental	series	are	presented	in	Table	3.2.	Mole	
fractions	of	 Fe	 in	 Fe-Pd	alloy	are	evaluated	assuming	XFe	+	XPd	=1.	 The	 compositional	
difference	between	the	experiments	conducted	with	Co-CoO	and	W-WO2	is	apparent	
(Figure	 3.11	 and	 3.12).	 The	 experiments	 with	 the	W-WO2	external	 buffer	 are	 more	
reduced;	therefore	the	Fe-Pd	alloys	contain	more	Fe.	The	experiment	conducted	at	20	
kbars	 (C4579)	 was	 not	 successful,	 because	 the	 amount	 of	 Fe	 in	 the	 alloy	 was	
significantly	less	than	other	experiments	with	W-WO2	(Figure	3.12).	Other	experiments	
at	P=10	and	30	kbars	show	that	pressure	has	no	effect	on	XFe	(Figure	3.11).				
The	 experimental	 series	 with	 Co-CoO	 at	 P=5,	 10,	 20,	 30	 kbar	 and	 T=900	 oC	 had	
approximately	the	same	amount	of	Fe	in	Fe-Pd	alloy	(only	starting	composition	of	pure	
Pd)	(Table	3.2	and	Figure	3.11).	However,	the	resulting	content	of	Fe	in	Fe90Pd10	alloy	in	
experiments	with	run	time	20	hours	was	higher	than	the	amount	of	Fe	 in	alloys	with	
starting	composition	of	pure	Pd	(Figure	3.11).	The	offset	in	composition	of	alloys	with	
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starting	Fe90Pd10	with	temperature	change	(T=900-1100	oC)	 is	even	more	apparent	 in	
Figure	3.12.	The	majority	of	samples	with	starting	composition	of	pure	Pd	have	almost	
same	composition,	but	samples	of	Fe90Pd10	have	similar	higher	amount	of	Fe	(XFe	=0.35	
in	Table	3.2).	The	alloy	with	starting	composition	of	Pd	at	1100oC	was	lost	during	the	
polishing	process.	
	
Figure	3.11.	The	mole	fraction	of	Fe	in	Fe-Pd	alloy	versus	experimental	pressure.	Blue	
symbols	 are	 for	 experiments	 with	 Co-CoO	 (blue	 diamonds	 are	 pure	 Pd	 and	 empty	
diamonds	are	Fe90Pd10).	Red	circles	–	W-WO2	buffer	(solid	red	–	pure	Pd	and	empty	red	
–	 Fe90Pd10).	 Dashed	 line	 is	 the	 compositional	 average	 of	 Fe-Pd	 from	 experimental	
series	with	Co-CoO	at	various	pressures	and	T=900	oC.	
	
For	all	experimental	results	the	activity	coefficient	of	Fe	in	alloys	(γFe)	was	evaluated	by	
equation	3.5	using	derived	activities	(Equations	3.3	and	3.4)	and	mole	fractions	(Table	
3.2).	The	experiment	with	W-WO2	and	at	P=20	kbar	(C4579)	gave	an	estimated	value	
for	 γFe	 above	 1	 and	 the	 rest	 of	 samples	 gave	 the	 activity	 coefficient	 below	 1.	 Two	
experiments	 at	 P=10	 and	 30	 kbar	 with	 W-WO2	 show	 almost	 the	 same	 value	 of	
estimated	 γFe	 (Figure	 3.13).	 The	 majority	 of	 experiments	 with	 Co-CoO	 have	 similar	
estimated	activity	coefficient	of	Fe,	but	three	samples	of	Fe90Pd10	show	distinct	offset	
in	the	values.		
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Figure	3.12.	The	mole	fractions	of	Fe	versus	experimental	temperature.	Blue	symbols	
are	for	experiments	with	Co-CoO	(blue	diamonds	are	pure	Pd	and	empty	diamonds	are	
Fe90Pd10).	Red	circles	–	W-WO2	buffer	(solid	red	–	pure	Pd	and	empty	red	–	Fe90Pd10).	
	
Figure	3.13.	Activity	coefficient	(γFe)	versus	mole	fraction	of	Fe	 in	experimental	Fe-Pd	
alloy.	Blue	diamond	symbols	are	alloys	with	starting	composition	of	pure	Pd	and	empty	
red	diamond	symbols	are	Fe90Pd10	
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Discussion		
	
The	results	of	the	experimental	series	using	1	atm	gas-mixing	furnace	cannot	be	used	
for	calibration	of	activity-composition	model	of	Fe-Pd	alloy.	The	totals	of	Fe-Pd	alloys	
conducted	 with	 EDS	 analysis	 (SEM)	 are	 unusually	 low	 and	 therefore	 mole	 fractions	
cannot	be	estimated	accurately	(Table	3.1).	Oddly,	the	totals	decrease	with	increasing	
proportion	of	 CO2	in	 gas	mix	 flow	and	 experiments	 at	 reduced	 conditions	 have	near	
100%	totals	(Table	3.1).	A	possible	reason	for	this	is	dissolution	of	carbon	in	the	Fe-Pd	
alloy	(Figure	3.14).	Unfortunately,	it	is	technically	challenging	to	measure	the	amount	
of	 carbon	 in	 the	 alloy	 and	 establish	 its	 speciation,	 but	 examination	 of	 EDS	 spectra	
shows	that	the	amount	of	carbon	in	the	alloy	is	significant.	
	
Figure	3.14.	EDS	spectrum	of	5%CO+95%CO2	experimental	sample.	The	carbon	energy	
peak	is	significantly	high	even	for	C-coated	sample.	
	
For	this	project	the	fO2	range	of	interest	is	more	oxidized,	therefore	the	1	atmosphere	
gas	 mixing	 furnace	 experimental	 results	 are	 not	 employed	 to	 calibrate	 activity-
composition	model	of	Fe-Pd	alloy.			
	
The	results	of	the	experimental	series	in	piston-cylinder	apparatus	at	P=5-30	kbar	and	
T=900-1100	 oC	 with	 Co-CoO	 and	 W-WO2	 external	 buffers	 are	 mostly	 consistent.	
However	 the	 experiment	 with	W-WO2	at	 P=20	 kbar	 (C4579)	 had	 no	 signs	 of	 excess	
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water	 when	 the	 external	 capsule	 was	 pierced.	 The	 results	 of	 analyses	 of	 the	
experimental	 sample	 have	 significantly	 lower	 Fe	 content	 in	 both	 alloys	 (Pd	 and	
Fe90Pd10)	 than	other	experiments	with	W-WO2.	 This	 is	 evidence	 that	 the	experiment	
was	unsuccessful	and	possibly	the	external	capsule	was	open	during	the	experimental	
run.	Therefore	the	results	of	C4579	are	not	used	in	the	calibration	process.		
	
The	 experiments	 with	 thick	 external	 capsule	 and	 run	 time	 of	 36	 hours	 reached	
chemical	 equilibrium	 by	 the	 end	 of	 the	 run,	 because	 of	 the	 similar	 compositions	 of	
both	types	of	alloys	(Table	3.2).	On	other	hand	all	experiments	with	external	Ag50Pd50	
and	run	time	of	20	hours	didn’t	establish	the	equilibrium	between	two	types	of	Fe-Pd	
alloy.	All	alloys	with	Fe90Pd10	starting	composition	had	same	high	Fe	content	at	various	
experimental	 temperatures.	The	same	mole	 fractions	of	Fe	 in	 these	experiments	are	
possible	sign	of	 insufficient	run	time	for	chemical	equilibration	between	the	Fe90Pd10	
alloy	and	the	Fe	oxide	in	the	experimental	capsule.	
	
The	 rest	 of	 results	 of	 experimental	 series	 with	 Co-CoO	 and	W-WO2	at	 P=10	 and	 30	
kbars	were	used	for	estimation	of	the	activity-composition	model	of	Fe-Pd	alloy.	The	
experimental	series	with	Co-CoO	at	P=5-30	kbar	and	T=900	oC	estimated	almost	same	
value	of	activity	coefficient	(Figure	3.13)	and	the	excess	energy	of	mixing	(RTlnγFe).	A	
similar	 trend	was	 also	 established	 in	 Fe-Pd	 alloy	 (Pd	 starting	 composition)	 at	 T=900-
1000	oC.		
	
Therefore	 the	 activity-composition	 model	 of	 Fe-Pd	 alloy	 has	 no	 measurable	
dependence	 on	 pressure	 (in	 range	 of	 5	 to	 30	 kbar)	 and	 there	 is	 no	 significant	
difference	between	activity	coefficients	at	T=900-1000oC.	These	conditions	of	P	and	T	
are	 important	 for	 the	 carbonate	 eclogite	 experiments	 described	 in	 Chapter	 2.	 The	
solidus	 of	 carbonate	 in	 the	 assemblage	 is	 reported	 to	 be	 below	 1000	 oC	 at	 high-
pressure	 conditions.	 Thus	 the	 calibration	 of	 Fe-Pd	 alloy	 as	 fO2	 sensor	 and	 the	
subsequent	 usage	 in	 experiments	 with	 carbonate	 eclogite	 at	 given	 conditions	 is	 of	
prime	importance.	
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Finally	 the	 selected	 results	 of	 successful	 high-pressure	 experimental	 runs	 were	
combined	with	 literature	 data	 to	 formulate	 the	 activity-composition	model	 of	 Fe-Pd	
alloys	and	to	evaluate	the	Margulis	interaction	parameters	for	activity	coefficient	of	Fe	
in	the	alloy	(Equation	3.6).	
	
The	Fe-Pd	binary	activity-composition	model			
	
The	 first	 experimental	 studies	 of	 activity-composition	 models	 for	 Fe-Pd	 (FCC)	 alloy	
were	 conducted	 in	 the	 60’s	 using	 the	 thermal	 balance	method	 (thermogravemetric	
method)	(Aukrust	and	Muan,	1962)	and	EMF	technique	(Algock	and	Kubik,	1969).	The	
principle	of	the	first	study	was	the	observation	of	increases	in	the	weight	of	the	alloy	
sample	 depending	 on	 the	 change	 of	 fO2	 controlled	 by	 a	 CO/CO2	 gas	 mixture.	 This	
method	 lacked	 accuracy	 and	 there	were	 not	 any	 sufficient	 analyses	 of	 experimental	
product	compositions	and	potential	carbon	dissolution	in	Fe-Pd	alloy.		
	
The	 next	work	was	 conducted	with	 the	more	 conventional	method	 of	 experimental	
calibration	 activity-composition	 method	 using	 the	 EMF	 technique.	 Two	 series	 of	
experiments	were	done	at	T=850	and	1000	oC,	over	the	full	compositional	range	of	the	
Fe-Pd	 binary	 (Algock	 and	 Kubik,	 1969).	 The	 absence	 of	 CO/CO2	 gas	 mixture	 in	 the	
experimental	set	up	resulted	in	the	lack	of	carbon	contamination	and	better	accuracy	
of	calibration.			
Later	work	by	(Tomiska,	1989)	evaluated	the	thermodynamic	mixing	properties	of	Fe-
Pd	 alloy	 (FCC)	 by	 mass	 spectrometric	 determination	 and	 the	 “Algebraic	 Intensity	
Ratio”.	All	 thermodynamic	values	were	determined	at	T=1565	K	and	 the	determined	
activity-composition	model	was	very	different	from	those	of	previous	researchers.	
	
Thermodynamic	modelling	of	the	Fe-Pd	system	(Ghosh	et	al.,	1999)	confirmed	that	the	
activity	data	of	Fe-Pd	 (FCC)	by	 (Tomiska,	1989)	agrees	with	 the	modelled	values	and	
previous	researchers’	data	(Algock	and	Kubik,	1969;	Aukrust	and	Muan,	1962)	on	the	
Fe-rich	side,	but	diverges	on	the	the	Pd-rich	side.	The	thermodynamic	model	(Ghosh	et	
CHAPTER	3.	NOBLE	METAL	ALLOY	REDOX	SENSORS	 67		
al.,	1999)	was	based	on	 the	optimization	of	experimental	data	and	carried	out	using	
the	PARROT	module	of	Thermo-Calc	software	(Jansson,	1984).	
	
The	activity	coefficient	of	Fe	in	the	model	is	derived	as	an	expression	of	second	order	
the	Redlich-Kister	polynomial	(Redlich	and	Kister,	1948):	
											RTln	γFe	=	(1-XFe)2(A0	+	A1	(3XFe	–XPd))																														(Equation3.8)	
where	R	is	the	gas	constant,	T	is	temperature	in	Kelvin,	γFe	is	the	activity	coefficient	of	
Fe	in	Fe-Pd	(FCC),	XFe,	XPd	are	the	mole	fractions	of	Fe	and	Pd	in	the	alloy;	A0	and	A1	are	
the	constants,	A0	=	-36989.664	–	10.8485*T	and	A1	=	63662.7285	–	19.5828*T.	
	
Established	constants	for	the	activity	coefficient	polynomial	expression	(Equation	3.8)	
are	only	based	on	the	experimental	results	of	(Algock	and	Kubik,	1969)	at	1	atm,	1000	
oC.	Therefore	the	results	of	the	experimental	calibration	at	high	PT	conditions	of	this	
project	 combined	with	 computational	 thermodynamic	model	 of	 (Ghosh	et	 al.,	 1999)	
are	used	to	determine	the	Margulis	interaction	parameters	for	Fe	activity	coefficient	of	
Fe-Pd	 alloy	 (FCC),	 which	 subsequently	 can	 be	 used	 as	 an	 accurate	 and	 precise	 fO2	
sensor	for	high-PT	experiments.	
	
First	of	all,	the	Margulis	interaction	parameters	are	derived	from	the	constant	term	of	
Redlich-Kister	polynomial.	Equation	3.6	and	Equation	3.8	are	derivatives	of	 the	same	
Fe	excess	energy	of	mixing	or:	
(1-XFe)2	(A0	+	A1(4XFe	-1))	=	(1-XFe)2	(WFe-Pd	+2(WPd-Fe	–	WFe-Pd)XFe)					(Equation	3.9)	
then	
WFe-Pd	=	A0	-	A1					and	WPd-Fe	–	WFe-Pd		=	2A1				
if	A0	=	-36989.664	–	10.8485*T	(K)	and	A1	=	63662.7285	–	19.5828*T		
then	
WFe-Pd	=	-100652.4	+	8.835*T	(K)	J/mole		and		WPd-Fe=	26673.06	–	30.34*T		J/mole	
(Equation	3.10)	
	
The	derived	Margulis	parameters	are	used	to	estimate	the	model	activity	coefficient	of	
Fe	(Equation	3.6)	and	subsequently	the	activity	of	Fe	 in	Fe-Pd	(FCC)	(Equation	3.5)	at	
T=900-1100	oC	(Figure	3.15).	The	temperature	has	an	effect	on	the	activity	of	Fe	at	Fe-
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rich	 side	 (XFe	 >	 0.6).	 On	 other	 hand	 at	 XFe<0.5	 the	 difference	 between	 activities	 at	
different	temperatures	of	900-1100	oC	is	insignificant.	
	
The	 application	 of	 experimental	 data	 to	 the	 modelled	 polynomial	 of	 activity-
composition	at	1000	oC	(with	aFe	uncertainty	of	0.02)	 is	 illustrated	 in	Figure	3.16.	The	
Co-CoO	 experimental	 series	 were	 conducted	 at	 relatively	 high	 oxygen	 fugacity	 and	
magnetite	 was	 stable.	 The	 majority	 of	 results	 are	 in	 agreement	 with	 the	 modelled	
values,	 except	 three	 alloys	 (Fe90Pd10	 starting	 composition).	 Those	 alloys	 have	 not	
reached	equilibrium	(Figure	3.13)	and	estimate	a	similar	activity	coefficient	at	slightly	
higher	concentration	of	Fe	in	alloy.	As	a	result	of	activity	calculations,	the	offset	from	
the	rest	of	experimental	data	is	more	apparent	(Figure	3.16).			
The	 rest	 of	 the	 experimental	 data	 at	 various	 pressure	 and	 T=900-1000	 oC,	 including	
series	with	W-WO2,	are	in	agreement	with	modelled	activity-composition	relation.		
	 	
Figure	 3.15.	 The	modelled	 activity	 of	 Fe	 (aFe)	 at	 T=900,1000	 and	 1100	 oC	 versus	 the	
compositional	range	of	Fe-Pd	alloy	(FCC)	(XFe).		
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Figure	 3.16.	 The	 experimental	 data	 (blue	 diamond	 symbols	 are	 alloys	 with	 staring	
composition	 of	 pure	 Pd,	 empty	 diamonds	 are	 Fe90Pd10)	 on	 modelled	 activity-
composition	polynomial	at	T=1000	oC.	
	
Therefore	 the	 derived	 Margulis	 interaction	 parameters	 (Equation	 3.10)	 can	 be	
employed	to	estimate	activity	coefficients	(Equation	3.6)	and	activities	of	Fe	(Equation	
3.5).	Fe	activity	is	the	key	ingredient	to	evaluation	of	oxygen	fugacity	with	Fe-Pd	alloy	
sensors	during	high	pressure	and	temperature	experiments.	
	
In	 this	 project,	 due	 to	 the	 small	 range	 of	 experimental	 temperatures	 and	 the	
insignificant	variation	of	Fe	activity	due	to	temperature	(Figure	3.15)	we	simplified	the	
Margulis	interaction	parameters	to:	
WFe-Pd	=	-89405	J/mole			and		WPd-Fe	=	-11948	J/mole						
The	resulting	values	do	not	show	variation	in	calculated	fO2	between	T=900-1200	oC	in	
the	carbonate	eclogite	experimental	runs.	
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The	experimental	fO2	monitored	by	Fe-Pd	alloy	sensor	
	
To	 estimate	 the	 oxygen	 fugacities	 during	 the	 experiments	 with	 carbonate	 eclogites	
(EA1	 +10%	 CaCO3)	 at	 P=35-60	 kbar	 we	 employed	 Fe-Ir	 alloys.	 Subsequent	 series	 of	
experiments	 at	 P=35	 kbar	 with	 carbonate	 eclogites	 (EA1+10%CaCO3	 +3%K2CO3;	
EA1+15%Ca,MgCO3;	EA1)	were	conducted	with	 in	the	presence	of	the	Fe-Pd	alloy	fO2	
sensor	 (Table	3.3).	 	The	 temperature	 range	of	all	experiments	was	between	900	and	
1200	 oC	with	multiple	 experimental	 runs	 at	 T=900-1000oC	 (the	 thermal	 condition	 of	
carbonate	stability	in	experimental	carbonate	eclogites).		
	
The	content	of	Fe	in	and	Fe-Ir	alloy	as	fO2	sensor	in	the	first	series	of	experiments	with	
EA1+10%CaCO3	was	near	the	detection	limit	content	of	the	analytical	technique	(Table	
3.3)	and	this	caused	significant	uncertainty	in	the	values	of	the	mole	fraction	of	Fe	in	
the	alloy	(Figure	3.17).	The	main	reason	for	the	low	abundance	of	Fe	in	the	sensor	alloy	
is	the	relatively	high	oxygen	fugacity	values	of	experimental	carbonate	eclogites,	and	
therefore	 the	 lower	 solubility	 of	 Fe	 in	 Ir	metal	 (Borisov	 and	 Palme,	 2000).	 The	 high	
uncertainty	in	the	composition	of	Fe-Ir	alloy	propagates	to	estimates	of	the	activities	of	
Fe	 in	 Fe-Ir	 alloys	 and	 subsequently	 to	 the	 calculation	 of	 experimental	 carbonate	
eclogite	fO2,	leading	to	unacceptably	imprecise	results.		
	
Figure	3.17.	The	mole	fraction	of	Fe	in	Fe-Ir	alloy	(XFe)	in	EA1+10%CaCO3	experimental	
series	 versus	 experimental	 temperature	 in	 Kelvins.	 Uncertainty	 is	 based	 on	 the	
standard	deviation	about	the	average	of	multiple	spot	analyses.		
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In	 contrast,	 Fe	 contents	 in	 Fe-Pd	 employed	 to	 monitor	 fO2	 in	 the	 second	 and	 third	
series	 of	 the	 experiment	 (EA1+10%CaCO3+3%K2CO3;	 EA1+15%Ca,MgCO3)	 had	 much	
higher	values	(Table	3.3).	Unfortunately,	due	to	small	amount	of	alloy	sensor	material	
in	the	starting	experimental	mix	and	difficulty	of	sample	preparation	for	analysis,	some	
samples	have	no	available	alloy	samples	on	a	polished	surface	for	quantitative	analysis	
(e.g.	sample	C4613	has	no	Fe90Pd10	alloy).	The	uncertainties	of	mole	 fractions,	based	
on	multiple	spot	analyses	and	illustrated	in	Figure	3.18,	are	smaller	than	a	symbol.			
The	bilateral	 technique	with	 two	starting	compositions	of	pure	Pd	and	Fe90Pd10,	was	
employed	 to	 evaluate	 the	 equilibrium	 during	 the	 experiment	 and	 shows	 variable	
results	 (Figure	 3.18).	 At	 subsolidus	 conditions	 (below	 1000oC),	 the	 chemical	
equilibrium	was	poor	between	 Fe90Pd10	 and	phases	of	 experimental	 samples	 for	 the	
series	with	EA1	 (C4605	and	C4681).	 The	amount	of	 Fe90Pd10	powder	 in	 the	 first	 case	
was	significantly	more	than	 in	the	second	experiment.	Therefore,	additional	Fe	oxide	
formed	 around	 Fe90Pd10	 sensor,	 possibly	 prevented	 reaction	 with	 the	 carbonate	
eclogite	 assemblage.	 A	 similar	 situation	 occurred	 with	 sample	 C4582	 of	
EA1+10%CaCO3	+3%K2CO3	composition.		
The	 majority	 of	 samples	 had	 lower	 amounts	 of	 Fe90Pd10	 in	 the	 starting	 mix	 of	
experimental	sample.	Equilibrium	between	Fe90Pd10	alloy	and	experimental	phases	was	
easily	reached	at	high	experimental	temperatures	(above	1000oC)	(Figure	3.18).	
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Figure	3.18.	The	mole	fraction	of	Fe	in	Fe-Pd	alloys	(XFe)	of	EA1+10%CaCO3	+3%K2CO3	
and	 EA1+15%Ca,MgCO3	 experimental	 series	 versus	 experimental	 temperature	 in	
Kelvin.	Uncertainties	are	smaller	than	the	symbols.	Solid	symbols	are	for	alloy	sensors	
with	 pure	 Pd	 starting	 composition,	 empty	 –	 Fe90Pd10;	 Green	 square	 symbols	 are	
experimental	 series	 on	 EA1+10%CaCO3	 +3%K2CO3;	 blue	 solid	 diamond	 symbols	 are	
experiments	on	EA1+15%Ca,MgCO3;	light	blue	is	on	EA1	eclogite	composition.	
	
The	mole	 fraction	 of	 Fe	 in	 Fe-Pd	 alloy	 in	 the	 experimental	 series	 has	 slight	 gradual	
increase	at	higher	experimental	temperature.	The	negligible	standard	deviation	of	XFe	
in	 Fe-Pd	 alloy	 allows	 estimation	 of	 the	 activity	 coefficient	 of	 Fe	 (γFe)	 with	 great	
precision	 (Table	 3.3).	 To	 calculate	 excess	 energy	 of	 mixing	 of	 Fe	 in	 the	 alloy	 (GexFe,	
J/mole)	we	employed	reaction:	
GexFe	=	RTln	γFe	=	(1	-	XFe)2	(WFe-Pd	+	2	(WPd-Fe	-	WFe-Pd)	XFe)																	(Equation	3.6)	
where	R	is	the	gas	constant;	T	is	temperature	in	Kelvin;	γFe	is	the	activity	coefficient;	XFe	
is	 the	mole	 fraction	of	 Fe	 in	 the	 alloy;	WFe-Pd	and	WPd-Fe	are	 the	Margulis	 interaction	
parameters:	 Fe-Ir	 parameters	 from	 (Schwerdtfeger	 and	 Zwell,	 1968)	 and	 Fe-Pd	
parameters	are	WFe-Pd	=	-89405	J/mole;		WPd-Fe	=	-11948	J/mole							
The	results	of	GexFe		calculation	for	Fe-Pd	and	Fe-Ir	alloys	are	given	in	Figure	3.19.	
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Figure	 3.19.	 The	 excess	 energy	 of	 mixing	 of	 Fe	 in	 the	 alloy	 (GexFe,	 J/mole)	 versus	
experimental	 temperature	 in	 Kelvin.	 Blue	 diamond	 symbols	 are	 alloys	 with	 starting	
composition	of	pure	Pd;	pale	blue	diamond	symbols	are	Fe90Pd10;	red	circles	for	Fe-Ir	
alloys.	
	
The	 samples	 of	 Fe90Pd10	with	 lack	 of	 equilibrium	 (C4605	 and	 C4582)	 have	 the	 same	
offset	 in	 excess	 energy	 from	other	 experimental	 samples.	 The	 Fe-Ir	 alloy	has	 almost	
the	 same	 values	 of	 GexFe	 and	 Fe-Pd	 show	 a	 slight	 increase	 in	 values	 with	 higher	
experimental	temperatures	(Figure	3.19).			
Finally,	the	activity	of	Fe	in	alloys	was	calculated	(Equation	3.5)	to	estimate	fO2	during	
experimental	runs.		The	results	of	calculated	activity	coefficients	(γFe)	and	activities	of	
(aFe)	are	given	in	logarithms	in	Table	3.3.	The	value	of	calculated	activity	of	in	Fe-Ir	has	
high	 uncertainty	 due	 to	 low	 precision	 of	 Fe	 content	 in	 the	 alloy	 (Figure	 3.20).	
Conversely,	 the	 uncertainty	 of	 the	 Fe	 activity	 in	 Fe-Pd	 alloy	 is	 very	 small.	 There	 is	 a	
clear	 trend	 between	 activities	 and	 the	mole	 fraction	 of	 Fe	 in	 Fe-Pd	 alloy,	 hence	 the	
correlation	 between	 the	 activities	 of	 Fe	 and	 experimental	 conditions	 (T	 and	 fO2).	
Therefore	 the	 results	 of	 derived	 activities	 can	 be	 used	 to	 estimate	 the	 fO2	 of	
experiments	on	carbonate	eclogites	and	calibrate	eclogite	oxybarometer	reactions.	
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Figure	 3.20.	 The	 activity	 Fe	 in	 the	 alloy	 (aFe)	 versus	 experimental	 temperature	 in	
Kelvins.	 Blue	diamond	 symbols	 are	 alloys	with	 starting	 composition	of	 pure	Pd;	 pale	
blue	diamond	symbols	are	Fe90Pd10;	red	circles	for	Fe-Ir	alloys.	Uncertainties	of	Fe-Pd	
alloy	are	less	than	a	symbol.	
	
Summary	
	
Noble	metal-based	alloys	are	employed	 in	 this	project	 to	monitor	oxygen	 fugacity	 in	
high-pressure	 experimental	 runs.	 The	 type	 of	 alloy	 is	 dictated	 by	 the	 experimental	
conditions.	 The	 content	 of	 Fe	 in	 various	 noble	metal-based	 alloys	 is	 different	 at	 the	
same	conditions	of	temperature	and	oxygen	fugacity.	Previously	calibrated	Fe-Ir	alloy		
(Schwerdtfeger	and	Zwell,	1968;	Woodland	and	O'Neill,	1993)	cannot	be	used	as	 fO2	
sensors	for	eclogite	carbonate	experiments	due	to	small	amounts	of	resulting	Fe	in	Fe-
Ir	 alloy	 at	 relatively	 high	 fO2	 conditions.	 Also	 the	 Fe-Pt	 alloy	 calibrated	 for	
comparatively	 reduced	 conditions	 of	 peridotitic	 assemblage	 (Gudmundsson	 and	
Holloway,	1993)	does	not	have	a	continuous	solid	solution	phase	 in	the	temperature	
range	of	interest	for	this	project.	
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Therefore,	the	Fe-Pd	alloy	was	chosen	to	monitor	fO2	in	high-pressure	experiments	on	
carbonate	eclogites.	 The	principal	 part	 of	 the	 Fe-Pd	 alloy	 sensor	development	 is	 the	
calibration	 of	 activity-composition	 model	 of	 Fe	 in	 the	 alloy	 and	 estimation	 of	 the	
Margulis	interaction	parameters.			
A	series	of	piston-cylinder	double-capsule	experiments	with	controlled	fO2	by	external	
buffers	 (Co-CoO	 and	 W-WO2)	 at	 P=5-30	 kbars,	 T=900-1100	 oC	 were	 conducted	 to	
evaluate	the	effect	of	pressure	and	temperature	on	the	activity	coefficient.	As	a	result,	
the	 pressure	 effect	was	 estimated	 as	 negligible	 on	 the	 calculated	 activity	 at	 various	
compositions	 of	 the	 Fe-Pd	 alloy.	 The	 results	 of	 experiments	 combined	 with	
thermodynamic	 model	 (Ghosh	 et	 al.,	 1999),	 based	 on	 1	 atm	 experimental	 series	
(Algock	 and	 Kubik,	 1969),	 showed	 very	 small	 deviation	 of	 Fe	 activity	 coefficient	 at	
temperature	 range	 of	 T=900-1000	 oC.	 Furthermore,	 the	 Margulis	 parameters	 were	
constrained	 from	 Redlich-Kister	 polynomials	 of	 thermodynamic	model	 suggested	 by	
(Ghosh	et	al.,	1999).	The	parameters	show	good	agreement	with	the	results	of	high-
pressure	 experiments	 of	 this	 project.	 The	 simplified	 values	 were	 derived	 from	 the	
parameters	 for	 the	 sake	 of	 simplification	 of	 activity	 derivative	 of	 Fe	 in	 Fe-Pd	 alloy	
employed	in	experiments	at	T=900-1200	oC	on	carbonate	eclogites.	
		
Fe-Pd	 and	 Fe-Ir	 alloys	 were	 employed	 to	 monitor	 fO2	 in	 experimental	 runs	 on	
carbonate	 eclogites	 at	 P=30-60	 kbar	 and	 T=900-1200	 oC.	 The	 small	 amount	 of	 Fe	 in	
resulting	 Fe-Ir	 alloys	 caused	 large	uncertainty	 in	 activity	of	 Fe.	 Therefore	 Fe-Ir	 alloys	
are	not	the	best	sensors	to	evaluate	fO2	and	for	calibration	of	eclogite	oxybarometers.		
The	 bilateral	 technique	 of	 Fe90Pd10	 and	 pure	 Pd	 starting	 compositions	 showed	
satisfying	 results	 when	 used	 to	 test	 chemical	 equilibrium	 in	 experiments	 at	 higher	
temperatures	(above	950	oC)	and	 initial	small	amounts	of	noble	metal	powder	 in	the	
starting	experimental	mix.	Experimental	alloys	of	Fe90Pd10	at	 lower	temperatures	and	
larger	 initial	 sensor	 quantity	 struggled	 to	 reach	 equilibrium.	 Therefore,	 very	 small	
amounts	of	sensor	material	should	be	placed	 in	a	capsule	and	the	composition	of	Fe	
pre-doped	Fe-Pd	alloy	should	be	relatively	close	to	equilibrium	composition,	if	it	can	be	
estimated	(e.g.	instead	of	Fe90Pd10,	Fe40Pd60	should	have	been	used	in	similar	project).	
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The	 majority	 of	 calculated	 activities	 of	 Fe	 in	 Fe-Pd	 alloys	 have	 great	 precision	 and	
accuracy	 and	 can	 be	 used	 to	 evaluate	 oxygen	 fugacity	 of	 experiments	 on	 carbonate	
eclogites	 and	 calibrate	 eclogite	 oxybarometer.	 The	 processes	 of	 fO2	 calculation	
monitored	by	Fe-Pd	alloy	sensors	and	subsequent	calibration	of	eclogite	oxybarometer	
reactions	are	described	in	Chapter	7.	
		
Chapter	4.	XANES	measurements	of	ferric	iron	in		
Eclogite	garnets		
	
Introduction	
	
Determination	of	oxygen	fugacity	in	eclogite	assemblages	depends	critically	on	precise	
knowledge	 of	 the	 activity	 of	 the	 andradite	 end-member	 (aAnd)	 in	 the	 garnet	 solid	
solution	(Equation	6.4	and	6.5).	Therefore,	the	mole	fraction	of	andradite	needs	to	be	
estimated	 with	 high	 accuracy	 and	 precision	 to	 be	 used	 in	 the	 activity-composition	
model	 to	 determine	 aAnd.	 Conventional	 semi-quantitative	 methods	 of	 determining	
garnet	 Fe3+	 content,	 such	 as	 microprobe	 analysis	 combined	 with	 stoichiometric	
calculation,	is	not	sufficiently	precise	(Canil	and	O'Neill,	1996).	The	main	reason	for	the	
required	high	precision	is	the	naturally	low	Fe3+/ΣFe	ratios	in	eclogite	garnets	(Stagno	
et	al.,	2015).	The	experimental	calibration	of	eclogite	oxybarometer	reactions	requires	
a	 microbeam	 technique	 as	 opposed	 to	 the	 conventional	 approach	 of	 Mössbauer	
spectroscopy	 because	 of	 the	 very	 small	 experimental	 capsule	 and	 grain	 size	 and	
inability	 to	 physically	 separate	 sufficient	 amounts	 of	 pure	 garnet.	 Therefore,	 the	
synchrotron-based	XANES	technique	was	employed	in	this	project	to	measure	Fe3+/ΣFe	
ratio	in	garnets.		
	
X-ray	absorption	near	edge	structure	(XANES)	spectroscopy	is	commonly	employed	for	
determination	 of	 Fe3+/ΣFe	 ratios	 in	 various	minerals	 and	 glasses	 (Berry	 et	 al.,	 2003;	
Wilke	et	al.,	2001).	The	oxidation	state	ratio	of	other	elements,	such	as	Cr	(Berry	et	al.,	
2006)	and	S	(Métrich	et	al.,	2009),	can	also	be	determined	with	XANES	spectroscopy.	In	
all	cases	the	principle	of	the	technique	is	the	same,	to	identify	a	feature	in	the	XANES	
spectra	 that	 is	 sensitive	 to	 small	 changes	 in	 the	 oxidation	 state	 of	 the	 element	 of	
interest.		
	
Originally,	determination	of	Fe3+/ΣFe	ratio	in	garnet	solid	solution	was	established	as	a	
correlation	between	XANES	pre-edge	feature	(centroid)	as	a	function	of	Fe3+/ΣFe	ratios	
for	synthetic	binary	solutions	of	almandine	–	skiagite	and	andradite	–	skiagite	(Figure	
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4.1)	 (Berry	 et	 al.,	 2010).	 However	 the	 same	 sensitivity	 of	 pre-edge	 centroid	 to	 Fe	
oxidation	 state	 ratio	wasn’t	 found	 for	 complex	natural	garnets	and	synthetic	 ternary	
garnet	solid	solutions	(Berry	et	al.,	2010;	Yaxley	et	al.,	2012).		
	
Figure	4.1.	Fe	K-edge	XANES	spectra	of	natural	garnets	(Udachnaya,	Yakutia)	(Yaxley	et	
al.,	2012).	Red-box	is	the	pre-edge	centroid;	dotted	lines	represent	area	of	interest	of	
post-edge	feature.	
	
An	alternative	solution	for	natural	garnets	 is	to	use	a	calibration	curve,	the	observed	
correlation	of	post-edge	feature	of	Fe	Kα	with	Fe3+/ΣFe	ratio	 in	standard	garnet	solid	
solutions.	 The	 following	 method	 depends	 on	 the	 establishment	 of	 an	 empirical	
calibration	curve,	which	relates	the	ratio	of	the	intensity	of	post-edge	features	in	the	
Fe	 K-edge	 XANES	 spectra	 to	 a	 series	 of	 standard	 garnets	 (for	 which	 Fe3+/∑Fe	 was	
previously	determined	using	Mössbauer	spectroscopy	-	Figure	4.2)	(Berry	et	al.,	2010).	
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Figure	4.2.	 Post-edge	 structure	of	 the	K-edge	XANES	 spectra	of	 almandine	–	 skiagite	
and	 andradite	 –	 skiagite	 series.	 The	 spectra	 vary	 systematically	 with	 Fe3+/ΣFe	 from	
alm0.98ski0.02	(closed	circles)	to	and1.0	(open	circles).	The	dashed	lines	correspond	to	the	
features	at	7138.4	and	7161.7	eV.	
The	 post-edge	 features	 has	 been	 successfully	 used	 to	 determine	 the	 oxidation	 state	
ratio	of	Fe	in	peridotitic	garnets	(Berry	et	al.,	2013;	Hanger	et	al.,	2015;	Yaxley	et	al.,	
2012).	
	
The	XANES	 technique	 is	 able	 to	 quantify	 the	oxidation	 state	 ratio	 of	 Fe	with	micron	
spatial	resolution.	However	the	depth	of	the	beam	penetration	 is	around	50	microns	
for	a	typical	eclogitic	garnet	density	of	≈3.5	g/cm3.	Thus	one	of	the	key	features	of	the	
experimental	design	is	the	monomineralic	 layer	with	large	garnet	crystals	(more	than	
100	microns).	XANES	is	a	relative	technique,	and	so	requires	eclogite	garnet	standards	
with	 well	 known	 Fe3+/ΣFe	 ratios	 determined	 independently	 (e.g.	 by	 Mössbauer	
spectroscopy)	 (Berry	 et	 al.,	 2010)	 for	 determination	 of	 Fe3+/ΣFe	 content	 of	
experimental	eclogite	garnets.		
	
	
Mössbauer	spectroscopy	
	
Mössbauer	spectroscopy	is	technique	used	to	examine	the	valence	state	of	multivalent	
elements,	such	as	Fe	(Bankroft	et	al.,	1967).	The	principle	of	Mössbauer	spectroscopy	
80	 CHAPTER	4.	XANES	MEASUREMENTS		
is	based	on	instability	of	57Fe	(as	a	decay	product	of	57Co).	The	fundamental	constraint	
on	 geological	 applications	 of	Mössbauer	 results	 is	 that	 the	 following	 technique	 can	
only	determine	the	relative	amounts	of	iron	in	various	valence	states.	Thus,	Mössbauer	
spectroscopy	 is	 a	 tool	 to	 investigate	 the	 nature	 and	 relative	 contents	 of	 Fe-bearing	
minerals	in	a	sample.		
	
For	 this	 project	 the	 measurements	 of	 Fe3+/ΣFe	 in	 garnets	 were	 conducted	 at	 the	
Goethe	University,	Frankfurt,	Germany	by	Prof.	Alan	Woodland.	The	 instrumentation	
of	 a	Mössbauer	 spectrometer,	 which	was	 employed	 for	 the	 analysis	 is	 quite	 simple	
(Woodland	and	O'Neill,	1993).	The	basic	elements	of	a	Mössbauer	spectrometer	are	a	
source	(57Co),	sample,	detector	and	a	drive	to	move	the	source.	The	geometry	of	the	
detector	for	this	machine	was	in	transmission	mode	(Figure	4.3).	By	moving	the	source	
towards	 a	 sample	 at	 a	 velocity	 of	 1mm/sec	 (the	 energy	 of	 the	 emitted	 photons	
increases	 by	 about	 ten	 natural	 line	 widths),	 the	 data	 was	 recorded	 in	mm/sec,	 the	
conventional	“energy’	unit	in	Mössbauer	spectroscopy.	
	
	
	
Figure	 4.3.	 Schematic	 geometry	 of	 Mössbauer	 spectroscopy	 experiment	 (modified	
(Dyar,	2007)).	
	
The	sample	size	 is	the	major	 limitation	of	Mössbauer	spectroscopy,	as	 it	requires	the	
bulk	 sample.	The	amount	of	 sample	used	affects	 the	 resultant	 spectrum.	 If	 too	 little	
sample	 is	used,	 some	γ-rays	will	not	encounter	a	Fe	atom,	 resulting	 in	no	 recoil	 less	
emission.	In	contrast,	use	of	too	much	sample	can	affect	the	area,	intensity,	width,	and	
detailed	 shape	of	 the	Mössbauer	 lines.	 In	general,	 the	 range	of	material	 for	eclogite	
garnets	with	approximate	total	FeO=10-15	wt%,	would	be	expected	to	amount	to	~20-
30	milligrams.		
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To	 collect	 sufficient	 material,	 each	 sample	 of	 eclogite	 garnet	 went	 through	 several	
stages	 of	 preparation.	 Grains	 of	 garnet	 (15-40	mg	 in	 total,	 depending	 on	 total	 FeO	
wt%)	were	handpicked	from	a	crushed	sample	of	eclogite	rock,	washed	in	acetone	and	
cleaned	 in	 an	 ultrasonic	 bath.	 Samples	 were	 cleaned	 in	 HCl	 In	 order	 to	 remove	
alteration	 and	 other	 phases	 adhering	 to	 the	 separated	 grains.	 Additionally,	 eclogite	
garnet	standards	were	examined	under	an	optical	microscope	and	by	FEG-SEM	(CAM,	
ANU)	in	backscattered	electron	mode	in	order	to	ensure	they	were	inclusion	free	and	
compositionally	unzoned.	Finally,	the	separated	grains	were	ground	to	find	powder.	
	
The	 finely	 ground	 garnet	 powder	 was	 spread	 thinly	 across	 an	 absorber.	 Sample	
powder	was	mixed	with	inert	material	(castor	sugar)	to	assist	in	spreading	the	sample	
evenly	across	a	kapton	tape	holder	attached	to	a	 lead	disc	with	a	hole.	The	 lead	disc	
had	 an	 adjustable	 hole	 diameter	 (from	 5	 to	 10	 µm)	 that	was	 set	 depending	 on	 the	
quantity	of	total	FeO	in	initial	material	(from	a	7.62	to	29.52	of	wt.%).	Finally,	the	top	
of	lead	disc	was	secured	with	kapton	tape.	
	
The	velocity	scale	was	calibrated	at	5	mm/s	relative	to	25	microns	α-Fe	foil	using	the	
positions	 certified	 by	 the	 National	 Bureau	 of	 Standards	 for	 the	 outer	 lines	 of	 α-Fe	
obtained	at	room	temperature.	
	
Data	processing	includes	several	steps.	First,	all	spectra	were	fitted	to	Lorentzian	line-
shapes	using	 the	 fitting	program	MossA	 (Prescher	et	al.,	 2012).	Garnet	 spectra	were	
fitted	to	two	doublets	(one	Fe2+	and	one	Fe3+).	Garnet	Fe3+/ΣFe	ratios	were	determined	
from	 the	 relative	 areas	 corrected	 for	 the	 presence	 of	 minor	 impurity	 phases,	 and	
uncertainties	 were	 estimated	 based	 on	 fit	 statistics	 and	 uncertainties	 in	 the	 fitting	
model,	 they	 are	 reported	 to	 be	 ±1%	 (Canil	 and	 O'Neill,	 1996).	 The	 results	 of	 the	
Mössbauer	spectroscopy	analysis	are	presented	in	Table	4.1.		
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Sample	preparation	for	XANES	spectroscopy	experiment	
	
The	XFM	beam	line	facility	of	Australian	Synchrotron	has	specific	limitations	on	sample	
size	and	shape.	The	45	degree	geometry	between	the	beam	(light	source)	and	detector	
requires	 an	 absolutely	 flat	 and	 polished	 surface,	 as	 well	 as	 a	 limitation	 on	 the	
maximum	thickness	of	the	sample	(Paterson	et	al.,	2011)	(Figure	4.4).	The	beam	can	be	
focused	on	the	sample	surface	precisely,	to	prevent	any	fluctuations	during	focusing,	
both	the	surface	of	the	sample	and	the	backside	should	be	parallel	to	one	other.	The	
best	approach	is	to	use	doubly-polished	samples	on	a	glass	slide.	The	backside	of	the	
sample,	which	 interacts	with	the	X-ray	beam,	can	be	easily	viewed	through	the	glass	
slide	and	photographed.	The	comparison	of	images	of	the	backside	of	the	sample	and	
the	 frontal	 slide	 can	 also	 provide	 some	 matching	 information	 and	 might	 save	 time	
during	the	beam	line	experiment.	The	sample	holder	also	 is	 limited	by	z	axis	 (up	and	
down)	travel,	thus	the	length	of	the	thin	section	slide	is	also	reduced	(Figure	4.4).	
	
	
Figure	4.4.	The	photo	of	XANES	experiment	geometry	(sample	is	standard	thin	section).		
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There	 is	 a	 limitation	 on	 the	 thickness	 of	 the	material	 that	 is	 caused	 by	 penetration	
depth	 of	 beam.	 The	 X-ray	 beam	penetration	 depth	 is	 proportional	 to	 the	 density	 of	
material.	 The	 density	 of	 average	 eclogite	 garnet	 composition	 is	 around	 3.5	 g/cm3	
which	allows	the	beam	to	penetrate	to	≈50	microns.		
	
If	 the	 garnet	 grains	 of	 interest	 are	 smaller	 than	 50	 microns,	 and	 are	 part	 of	 an	
assemblage	containing	other	Fe-bearing	phases,	it	could	conceivably	be	underlain	in	a	
polished	 section	 by	 another	 iron-bearing	 phase.	 Excitation	 of	 Fe	 by	 the	 X-ray	 beam	
penetrating	 as	 far	 as	 underlying	 phases	 could	 lead	 to	 mixed	 XANES	 spectra	 and	
erroneous	measurements	 of	 the	 garnet	 Fe3+/∑Fe.	 This	 problem	 can	be	 overcome	by	
employing	 a	 layered	 configuration	 in	 the	 experiments,	 in	 which	 a	 garnet	 layer	
equilibrates	 with	 the	 rest	 of	 the	 garnet	 eclogite	 assemblage	 (see	 Figure	 2.3b).	 The	
garnet	layer	was	made	from	previously	synthetized	garnet	with	a	composition	close	to	
the	model	composition	of	equilibrium	garnet	at	the	relevant	PT	garnet	(Table	2.1).	The	
addition	 of	 the	 flux	 flow	 through	 the	 sample	 increases	 the	 velocity	 of	 chemical	
reactions	in	experimental	sample.	The	solid-state	diffusion	and	reactions	at	the	solidus	
conditions	 can	 be	 accomplished	 with	 long-run	 experiments	 (up	 to	 10	 days).	 In	 this	
project	we	also	used	ultra-thin	sample	polishing	(20-30	microns)	to	make	sure	no	Fe-
bearing	phase	other	than	garnet	(in	garnet	layer)	is	affected	by	beam.	The	process	of	
sample	preparation	is	described	in	Appendix	IIB.		
	
Eclogite	 garnet	 standards	 are	 specifically	 selected	 natural	 garnets	 with	 suitable	
compositions.	 All	 standard	 samples	 have	 large	 crystals	 (>	 300	 μm),	 therefore	 single	
crystals	of	each	sample	can	be	mounted	 in	epoxy.	The	button	epoxy	mount	 is	cut	 to	
have	 a	 thickness	 of	 2	 mm.	 The	 polishing	 process	 was	 conducted	 from	 one	 side	 on	
diamond	lap	(minimum	1	μm	size	diamond	paste),	as	the	standard	samples	had	large	
garnet	 crystals	and	 there	 is	no	 significant	difference	 in	density	within	epoxy	mount,.	
However,	 there	 is	 a	 special	 analytical	 procedure	 for	 garnet	 standards	 to	 check	
chemical	zoning	within	crystals	and	Fe-bearing	inclusions	with	them.	
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Eclogite	garnet	standards	for	XANES	measurements	
	
Eclogitic	 garnets	 have	different	 compositions	 from	peridotitic	 or	websteritic	 garnets,	
e.g.	 less	 Cr2O3	 and	 more	 CaO	 (Figure	 4.5),	 and	 generally	 lower	 Mg#.	 Such	
compositional	differences	preclude	use	of	peridotite	 garnets	 as	 standards	 for	XANES	
measurements	of	Fe3+	/ΣFe	ratio	in	eclogite	garnets.		
	
Figure	 4.5.	 Compositional	 variety	 of	 eclogitic,	 peridotitic	 and	 websteritic	 garnets	
(Mikhail	et	al.,	2013).		
	
Ideally	the	eclogite	garnet	standards	should	match	the	compositional	range	of	eclogite	
garnet	compositions.	Thus	data	from	previous	studies	on	natural	eclogite	garnets	were	
collected	to	constrain	the	range	of	eclogite	garnet	compositions.	146	compositions	of	
garnets	 from	 eclogite	 xenoliths,	 eclogites	 from	 metamorphic	 complexes,	 eclogites	
associated	 with	 mantle	 peridotites	 and	 eclogite	 diamond	 inclusions	 were	 used	 to	
identify	the	range	of	compositions	for	eclogite	garnet	standards	(Figure	4.6).		
	
105	 samples	 of	 garnets	 from	 eclogite	 xenoliths	 (Robert	 Victor	 and	 	 Wesselton	
kimberlite	 pipes,	 South	 Africa;	 Udachnaya	 and	 Zarnitca	 kimberlite	 pipes,	 Yakutia,	
Russia),	 Almklovdalen,	 Norway	 and	 Kakanui,	 New	 Zealand	 metamorphic	 complex	
eclogites	 were	 collected	 as	 a	 potential	 eclogite	 garnet	 standards	 for	 XANES	
measurements	(Table	4.1).	All	samples	had	garnet	crystals	with	a	grain	size	>	0.5	mm.	
CHAPTER	4.	XANES	MEASUREMENTS	 85		
	
Figure	 4.6.	 The	 compositional	 variation	 of	 natural	 eclogites.	 Almandine,	 Grossular,	
Pyrope	are	given	as	proportions.	
	
The	 samples	 were	 checked	 in	 several	 stages	 for	 composition,	 inclusions	 and	
homogeneity.	First	of	all	they	were	analyzed	on	an	SEM	for	compositional	conformity	
as	an	eclogite	garnet.	A	garnet	with	suitable	compositions	was	checked	optically	and	
on	BSE	imaging	Hitachi	FESEM	for	the	possible	presence	of	inclusions.		
Finally,	all	compositionally	suitable,	inclusion-free	eclogite	garnets	were	analyzed	on	a	
microprobe	 to	 determine	 compositional	 homogeneity	 (Figure	 4.7).	 This	 was	
accomplished	using	linear	sequences	of	analysis	points	across	individual	grains.	
	
All	 samples	 of	 potential	 XANES	 eclogite	 garnet	 standards	 that	 were	 successfully	
analyzed	 by	Mössbauer	 spectroscopy	 (Figure	 4.8)	 were	 taken	 for	 conducting	 XANES	
experiments	on	the	Australian	synchrotron.	
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Figure	 4.7.	 Results	 of	 linear	 analysis	 on	 microprobe	 of	 garnet	 grains	 from	 eclogite	
xenoliths	 W1008,	 W825	 (Wesselton,	 Kimberley	 pool).	 (a)	 W1008	 garnet	 grain	 has	
significant	zoning	in	FeO	wt%	content	and	is	not	suitable	to	be	a	garnet	standard.	(b)	
W825	 is	 compositionally	 homogeneous	 in	 FeO	 wt%,	 which	 makes	 it	 suitable	 as	 a	
garnet	standard.	
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Figure	 4.8.	 The	 composition	 of	 eclogite	 garnet	 standards.	 Fe3+/ΣFe	 ratio	 (scale)	 was	
determined	by	Mössbauer	spectroscopy.	
	
The	results	of	XANES	experiments	
	
The	first	batch	of	15	eclogite	standards	with	experimental	samples	was	analyzed	at	the	
X-ray	 Fluorescence	 Microscopy	 (XFM)	 beamline	 of	 the	 Australian	 Synchrotron	 in	
March,	2014	(Paterson	et	al.,	2011).		
	
The	Fe	K-edge	XANES	spectra	were	recorded	first	of	all	for	peridotite	garnet	standards		
to	establish	the	experimental	technique	(Berry	et	al.,	2013).	The	excitation	energy	was	
controlled	with	a	Si(111)	double	crystal	monochromator.	The	energy	was	calibrated	for	
each	sample	by	simultaneously	recording	an	Fe	foil	spectrum	using	light	scattered	by	a	
sheet	of	plastic	(2	mm	thick)	inserted	in	the	beam	path	(upstream	of	the	normalization	
ion	 chamber	 used	 for	 the	microprobe)	 and	 a	 foil	mounted	 in	 front	 of	 a	 photodiode	
(Yaxley	et	al.,	2012).	The	first	derivative	of	this	Fe	spectrum	was	defined	to	be	7112.0	
eV.	The	beamline	spectral	resolution	was	1.9	eV	with	a	spatial	resolution	of		~1-2		μm	
in	diameter.		
	
Alm 
Grs Prp 
0.01          0.035          0.08 
Fe3+/ΣFe 
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Samples	were	mounted	at	45°	to	both	the	incident	beam	and	a	single	element	silicon	
drift	energy	dispersive	detector	(Vortex	EM,	SII	Nanotechnology,	Northridge,	CA)	with	
digital	 signal	 processing	 (DXP	 Saturn,	 XIA	 LLC,	 Hayward,	 CA)	 (Berry	 et	 al.,	 2013).	
Spectra	were	recorded	in	fluorescence	mode	from	7075	to	7300	eV	with	2-5	eV	energy	
step	with	total	acquire	time	15	to	40	minutes	each	spot	analysis.	Finally	spectra	were	
compared	after	 subtraction	of	 a	 constant	baseline	 and	normalization	 to	 the	average	
intensity	above	7235	eV.			
	
The	second	batch	of	potential	eclogite	garnet	 standards	was	analyzed	at	 the	BM30B	
beamline	 of	 the	 European	 Synchrotron,	 Grenoble,	 France,	 with	 almost	 the	 same	
experimental	principles	and	techniques	(Hazemann	et	al.,	2009).	
	
Recorded	spectra	of	peridotite	garnet	standards	with	known	Fe3+/ΣFe	ratios	were	used	
to	set	up	measurements	by	the	XANES	technique.	Normalized	intensities	at	the	given	
energy	 of	 post-edge	 feature	 (7136	 eV)	 of	 Fe	 K-edge	 spectra	 of	 peridotite	 garnet	
standards	 showed	 sufficient	 correlation	with	 Fe3+/ΣFe	 ratio	 estimated	 independently	
by	 Mössbauer	 spectroscopy	 (Figure	 4.9,	 Table	 4.2).	 Once	 the	 consistency	 was	
established,	 the	 Fe	 K-edge	 spectra	 of	 eclogite	 garnet	 standards	 and	 experimental	
garnet	were	recorded.	
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Figure	 4.9.	 The	 calibration	 curve	 of	 normalized	 intensity	 at	 7136	 eV	 versus	 Fe3+/ΣFe	
(Mössbauer)	 of	 peridotite	 garnet	 standards.	 Uncertainty	 is	 from	 Mössbauer	
spectroscopy.	
	
The	normalized	intensities	at	7136	eV	of	Fe	K-edge	spectra	of	eclogite	garnet	standards	
were	compared	to	their	Fe3+/ΣFe	ratios	determined	by	Mössbauer	spectroscopy.	The	
results	of	comparison	are	illustrated	in	Figure	4.10.	Note	that	each	symbol	represents	
an	analysis,	 not	 a	 sample.	Unfortunately,	 at	 this	 stage	 it	 is	 impossible	 to	predict	 the	
XANES	calibration	curve	based	just	on	post-edge	features.	
	
Along	with	eclogite	garnet	standards	at	Australian	Synchrotron,	experimental	garnets	
were	 analyzed.	 The	 normalized	 intensities	 at	 7136	 eV	 are	 given	 in	 Table	 4.2.	
Unfortunately,	 without	 a	 meaningful	 calibration	 curve	 for	 eclogite	 garnets	 it	 is	
impossible	 to	 estimate	 Fe3+/ΣFe	 ratio	 of	 experimental	 garnets	 from	 normalized	
intensities	(Figure	4.10).	
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Figure	 4.10.	 Normalized	 intensities	 at	 7136	 eV	 of	 eclogites	 from	 xenoliths	 (green	
triangles)	and	eclogites	from	massifs	(red	squares)	versus	Fe3+/ΣFe		ratios	(Mössbauer).	
The	calibration	curve	of	normalized	intensity	at	7136	eV	versus	Fe3+/ΣFe	(Mössbauer)	
of	 peridotite	 garnet	 standards	 (Blue	 diamond	 symbols).	 	 Uncertainty	 is	 from	
Mössbauer	spectroscopy.	
	
Discussion	and	conclusions	
	
The	depth	of	 synchrotron	beam	penetration	 into	eclogite	garnets	was	established	 to	
be	around	50	μm.	It	is	therefore	very	important	to	have	a	clear	garnet	sample	of	more	
than	70	μm	in	diameter.	Additionally,	 in	this	project	we	double-polished	our	samples	
with	 a	 garnet	 layer,	 to	 eliminate	 the	possible	 “hidden”	 Fe-bearing	phases	 (e.g.	 Cpx).	
The	thickness	of	most	of	experimental	samples	was	established	as	30	μm.	Such	ultra-
thin	sample	sections	allowed	us	to	search	and	choose	the	most	possible	clear	areas	in	
the	 sample.	 However,	 some	 chosen	 analysis	 areas	 were	 not	 completely	 free	 from	
impurities.	In	Table	4.2	those	analyses	are	indicated	as	“not	grt”.	In	most	of	the	cases	
we	were	able	to	perform	synchrotron	experiments	on	clear	and	homogenous	areas	of	
garnet	layer.	
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Careful	 selection,	 broad	 analysis	 of	 composition,	 check	 for	 zoning	 and	 Fe-bearing	 of	
each	standard	sample	established	25	eclogite	garnets	 from	xenoliths	 (Wesselton	and	
Roberts	 Victor,	 South	 Africa;	 Udachnaya	 and	 Zarnitca,	 Yakutia)	 and	 a	 few	 from	
metamorphic	complexes	(Kakanui,	New	Zealand;	Almklavdalen,	Norway).	All	potential	
eclogite	 standards	were	 analyzed	by	Mössbauer	 spectroscopy	 for	 the	 Fe3+/ΣFe	 ratio.	
The	uncertainty	of	the	measured	oxidation	state	ratios	is	around	1%	(Canil	and	O'Neill,	
1996).	 This	 makes	 the	 samples	 from	 Almklavdalen	metamorphic	 complex	 with	 only	
Fe3+/ΣFe=2%	 unsuitable	 as	 standards	 for	 calibration	 of	 post-edge	 feature	 energy	
intensities	 versus	 Fe3+/ΣFe	 ratio	 (Figure	 4.10).	 A	 few	 samples	 from	 Udachanya	
kimberlite	 pipe	 with	 established	 Fe3+/ΣFe<3%	 are	 also	 can	 be	 considered	 as	 not	
suitable.		
	
Even	 then,	 it	 is	 impossible	 to	correlate	 intensities	at	7136	eV	 in	 the	 rest	of	 samples,	
samples	with	Fe3+/ΣFe>3%	(Figure	4.11).	Attempts	to	correlate	pre-edge	centroid	and	
ratios	of	post-edge	features	(7136	and	7161;	dotted	lines	in	Figure	4.1)	with	Fe3+/ΣFe	
ratio	in	eclogite	garnets	were	not	successful	either.	
	
It	 is	 clear	 that	 peridotite	 garnets	 have	 higher	 ratios	 of	 Fe3+/ΣFe	 than	 eclogite	 ones	
(Figure	4.10).	Therefore,	the	lower	ratios	of	Fe3+/ΣFe	(usually	less	than	0.06)	cannot	be	
sufficiently	 detected	 with	 intensity	 changes	 of	 post-edge	 features	 or	 pre-edge	
centroid.	 However,	 the	 presence	 of	 correlation	 between	 post-edge	 normalized	
intensity	 and	 Fe3+/ΣFe	 ratios	 in	 peridotite	 garnets	 below	 6%	 implies	 that	 there	 is	
compositional	 effect	 on	 the	 intensity	 ratios.	 The	 higher	 concentration	 of	 other	
elements	(e.g.	Ca)	in	eclogite	garnets	might	have	effects	on	the	XANES	spectra.		
	
The	effect	of	other	elements	on	 intensities	of	Fe	K-edge	and	Fe3+/ΣFe	ratio	 in	garnet	
standards	was	not	established	in	this	study	(e.g.	Figure	4.10).	Various	ternary	diagrams	
of	elements,	Fe3+/ΣFe	and	intensities	(and	their	ratios)	of	different	parts	of	Fe	K-edge	
also	did	not	produce	satisfactory	results.		
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Figure	 4.11.	 Eclogite	 garnet	 standards:	 CaO	 (wt%)	 versus	 normalized	 intensities	 (at	
7136	eV)	of	Fe	K-edge	features.	
	
As	a	result	of	the	Mössbauer	spectroscopy	analyses	of	eclogite	garnets	from	xenoliths	
and	metamorphic	complexes,	the	Fe3+/ΣFe	ratios	in	them	are	estimated	to	be	fairly	low	
(around	6%).	Possibly	because	of	the	low	Fe	oxidation	state	ratios	in	eclogite	garnets,	it	
is	 hard	 to	 establish	 a	 correlation	 between	 intensities	 of	 the	 Fe	 XANES	 features	 and	
Fe3+/ΣFe	ratio.	Obtaining	more	Fe	XANES	data	and	reevaluating	the	whole	structure	of	
the	Fe	K-edge	spectra	may	possibly	help	to	calibrate	the	XANES	technique	to	evaluate	
Fe3+/ΣFe	ratios	of	eclogite	garnets.	This	strategy	requires	large	amount	of	experimental	
beam	time	and	statistical	programming.	
	
In	 this	 project	 we	 also	 employed	 the	 microprobe-based	 flank	 method	 to	 evaluate	
Fe3+/ΣFe	 ratios	 in	 natural	 and	 experimental	 eclogite	 garnets.	 Experimental	 samples	
analyzed	for	XANES	(Table	4.2)	were	also	examined	by	flank	method	for	Fe	oxidation	
state	 ratio.	 The	Fe3+/ΣFe	 ratios	obtained	 in	 the	experimental	 garnets	 and	 their	 Fe	K-
edge	 spectra	 will	 be	 used	 in	 the	 future	 to	 calibrate	 XANES	 technique	 for	 eclogite	
garnets.	
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	Chapter	5.	The	Flank	Method	for	determination	of		
Fe3+	in	garnet	and	clinopyroxene	
	
Introduction	
	
Phases	 crystallized	 in	 high-pressure	 experiments	 may	 often	 have	 not	 only	 zoning	
within	 a	 mineral	 grain	 but	 also	 very	 small	 grain	 sizes	 of	 a	 few	 microns	 or	 10s	 of	
microns.	This	makes	mineral	separation	and	bulk	analysis	of	a	single	phase	difficult	or	
impossible.	 Thus	 the	 determination	 of	 the	 oxidation	 state	 of	 iron	 in	 minerals	 from	
high-pressure	 experiments	 requires	 a	 technique	with	micron-scale	 spatial	 resolution	
and	in	situ	analysis.	
	
Mineral	stoichiometry	on	electron	probe	microanalysis	results	was	for	a	long	time	the	
only	possible	microbeam	method	to	determine	the	oxidation	state	of	transition	metals	
in	silicate	minerals	from	high-pressure	experiments	(e.g.	ferric/ferrous	iron	content	in	
experimental	garnets).	However	the	following	method	is	not	able	to	provide	accurate	
data	due	to	unavoidable	analytical	factors.	Calculation	of	the	garnet	structural	formula	
per	12	oxygen	atoms	is	extremely	sensitive	to	the	accuracy	of	analytically	determined	
concentration	of	the	most	abundant	elements	present.	For	example,	if	SiO2	in	a	garnet	
analysis	is	99%	of	its	true	value,	then	the	amount	of	calculated	Fe3+	would	be	5%	less	
than	its	true	value	(Droop,	1987).	Such	uncertainty	combined	with	multisite	occupancy	
of	elements	 in	garnet	crystal	structure	makes	the	following	method	unacceptable	for	
an	accurate	Fe3+	content	determination	(Dyar	et	al.,	1989;	Luth	and	Canil	1993;	Canil	
and	O’Neill	1996).	
		
In	the	last	two	decades	the	development	of	non-destructive	analytical	techniques	with	
micron-scale	spatial	resolution	provided	new	opportunities	for	determination	of	ferric	
iron	content	in	experimental	petrology	and	material	sciences.	The	TEM-based	energy-
loss	spectroscopy	(EELS)	is	able	to	achieve	even	nano-scale	spatial	resolution,	however	
the	 technique	 requires	 very	 challenging	 sample	 preparation,	 which	 renders	 EELS	
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almost	 impractical	 for	 high-pressure	 experimental	 geology	 samples	 (van	 Aken	 and	
Liebscher,	2002).	
	
The	synchrotron-based	XANES	technique	with	a	spatial	resolution	of	a	few	microns	was	
calibrated	to	determine	ferric	iron	content	in	minerals	and	silicate	melts	(Berry	et	al.,	
2003;	 Cottrell	 and	 Kelley,	 2011).	 This	 non-destructive	 method	 has	 relatively	 easy	
sample	preparation,	 rapid	data	 collection	 (less	 than	20	minutes	per	 an	analysis)	 and	
relatively	high	accuracy.		The	Fe3+/ΣFe	ratio	in	peridotite	garnets	can	be	evaluated	with	
uncertainty	of	±0.01-0.03	of	Fe3+/ΣFe	ratio,	depending	on	total	FeO	wt%	(Berry	et	al.,	
2010).	 The	 calibration	 of	 the	 XANES	 techique	 for	 eclogite	 garnets	 is	 the	 part	 of	 this	
project.	However	a	number	of	difficulties	mainly	related	to	compositional	differences	
between	eclogite	and	peridotite	garnets	made	the	calibration	at	this	stage	impossible.	
The	results	of	this	XANES	study	are	presented	in	Chapter	4.	
	
Micro-spatial	Mössbauer	 spectroscopy	 is	able	 to	estimate	with	high	accuracy	 (±0.01-
0.02	 of	 Fe3+/ΣFe	 ratio)	 the	 redox	 state	 of	 experimental	 phases	within	 the	 sample	 of	
interest	area	of	approximately	>50	microns	in	diameter	(McCammon,	1994;	Stagno	et	
al.,	 2015).	 The	 Mössbauer	 milliprobe	 is	 almost	 only	 technique	 used	 as	 an	 in	 situ	
method	 to	determine	Fe3+/ΣFe	 ratio	of	phases	during	high-pressure	experiment	 (e.g.	
Diamond	 Anvil	 Cell	 experiments)	 (Potapkin	 et	 al.,	 2013).	 The	 technique	 is	 often	
employed	 to	 establish	 redox	 state	 of	 garnets	 (McCammon	 and	 Kopylova,	 2004;	
Sobolev	 et	 al.,	 1999),	 mineral	 inclusions	 in	 diamond	 (McCammon	 et	 al.,	 1997)	 and	
other	 iron-bearing	 phases	 (McCammon	 et	 al.,	 2001).	 The	 Mössbauer	 milliprobe	 (as	
conventional	powder	Mössbauer	spectroscopy)	and	XANES	technique	are	not	absolute	
quantitative	 techniques;	 they	 both	 can	 only	 evaluate	 the	 redox	 state	 of	 iron	 by	
determining	 the	 Fe3+/ΣFe	 ratio.	 The	 total	 FeO	 (wt.%)	 has	 to	 be	 determined	
independently	 in	 order	 to	 estimate	 Fe3+	 content	 in	 minerals	 and	 melts.	 This	 can	
introduce	 some	 technical	 complications	 since	 the	microprobe	 analysis	 on	 the	 “same	
spot”	for	zoned	and	small-grained	experimental	samples	is	complex	task.	
	
In	 this	 project	 the	 electron-microprobe	 based	 the	 flank	 method	 was	 employed	 to	
establish	 Fe3+/ΣFe	 ratio	 in	 experimental,	 natural	 garnet	 and	 natural	 clinopyroxene	
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(Hofer	 and	Brey,	 2007).	 The	 flank	method	 is	 a	 non-destructive	 electron	microprobe-
based	 technique	with	a	 spatial	 resolution	on	 the	order	of	maximum	3	microns,	with	
normal	 routine	 settings	 of	 15	 kV,	 60	 nA	 for	 most	 silicate	 minerals	 (garnet,	
clinopyroxene,	amphibole	etc.).		
	
The	 flank	method	 is	 specifically	 focused	on	FeL	X-ray	emission	 spectra	by	measuring	
intensity	 ratios	 of	 the	 peak	 flanks	 (cpsLβ/cpsLαm	 cps	 =	 counts	 per	 second)	 and	
combines	both	electron-microprobe	techniques:	peak	shift	method	and	peak	area	or	
relative	 intensities.	 The	method	 requires	 standards	with	 known	 Fe3+/ΣFe	 ratios	 (e.g.	
previously	 analyzed	 by	 Mössbauer	 spectroscopy	 or	 known	 from	 stoichiometry	 in	
simple	chemical	systems)	to	estimate	the	relationship	between	peak	flanks	ratios	and	
Fe3+/ΣFe	ratios.	The	simultaneous	major	elemental	analysis	with	flank	analysis	is	a	key	
additional	 capability	 of	 the	 technique	 and	 it	 allows	 determination	 of	 Fe3+	 with	 high	
accuracy.	The	high	accuracy	also	reached	with	a	help	of	corrections	for	self-absorption	
and	matrix	effects	(Hofer	et	al.,	1995).	
	
In	the	present	work,	the	flank	method	was	employed	to	determine	the	oxidation	state	
of	iron	in	synthetic	garnet	and	clinopyroxene	crystallized	in	carbonate-bearing	eclogite	
experiments,	and	in	natural	eclogite	garnet	and	clinopyroxene	samples	from	multiple	
localities.	An	accurate	and	precise	determination	of	ferric	iron	content	is	important	for	
evaluation	of	the	exact	mole	fraction	of	garnet	end-members,	especially	the	andradite	
component.	 The	 fO2	 value	 estimated	 by	 both	 oxybarometer	 reaction	 is	 highly	
dependent	on	activity	of	the	andradite	component,	hence	 its	mole	fraction	 in	garnet	
solid	solution	(see	Chapter	6).	
	
	
The	flank	method	principles	and	the	effect	of	self-absorption	
	
In	 past	 years	microprobe	 techniques	 based	 on	 the	 shift	 of	 Lα	 and	 Lβ	 peak	maxima	
positions	 of	 the	 soft	 Fe	 X-ray	 emission	 lines	 or	 on	 the	 change	 of	 their	 relative	
intensities	were	recognized	to	be	sensitive	to	a	change	of	Fe3+/ΣFe	in	minerals	(Höfer	
and	 Brey,	 2007).	 However	 due	 to	 the	 self-absorption	 of	 the	 FeL	 emission	 line	 both	
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techniques	 separately	 are	 considered	 as	 a	 semi-quantitative.	 However,	 the	
combination	of	both	the	peak	shift	and	relative	intensities	methods	was	established	as	
quantitative	and	is	used	as	a	principle	of	the	flank	technique.		
	
The	method	was	 calibrated	 and	 successfully	 tested	 for	 the	 first	 time	on	 iron	oxides:	
wüstite,	 magnetite	 and	 hematite	 and	 synthetic	 spinel	 solid	 solutions	 series	 of	
magnetite-hercynite	and	on	natural	olivine	solid	solutions	(Höfer	et	al.,	1995;	Höfer	et	
al.,	 2004;	Hofer	 and	 Brey	 2007).	 A	 subsequent	 study	 of	 sodic	 amphiboles	 estimated	
Fe3+/ΣFe	in	ferroglaucophane	-	magnesioriebeckite	solid	solution	within	an	error	of	5%	
(Enders	 et	 al.,	 2000).	 The	 first	 measurements	 on	 synthetic	 garnets	 established	 the	
accuracy	 of	 the	 flank	method	 for	 determination	 of	 ferric/ferrous	 in	 complex	 garnet	
solid	 solutions.	 Subsequent	 analyses	 and	 calibrations	on	 synthetic	 garnets	 estimated	
the	 uncertainty	 of	 the	 flank	 method	 within	 2-3%	 error	 of	 the	 Fe3+/ΣFe	 value	
established	from	Mössbauer	spectroscopy	(Hofer	and	Brey,	2007).		
	
The	 flank	 method	 is	 based	 on	 the	 correlation	 of	 intensity	 ratios	 of	 FeLα	 and	 FeLβ	
emission	 lines	 with	 Fe3+/ΣFe	 in	 minerals,	 such	 as	 garnets.	 Fe3+	 in	 garnet	 tends	 to	
increase	the	intensity	of	FeLα	peak	and	shifts	the	positions	of	both	FeLα	and	FeLβ	peak	
maxima	 to	 higher	 energies	 in	 contrast	 to	 Fe2+	 in	 the	 dodecahedral	 site.	 Such	
phenomena	can	be	accurately	“measured”	by	determination	of	the	ratio	Lβ	to	Lα	on	
the	flanks	of	Lβ	and	Lα	at	the	defined	energy	positions	of	the	minima	and	maxima	of	
the	difference	spectrum	(Höfer	and	Brey,	2007)	(Figure	5.1a).		
	
The	energy	positions	for	measurements	are	defined	from	absorption	spectra	that	are	
calculated	 from	 the	 X-ray	 emission	 spectra	 at	 different	 accelerating	 voltages	 as	
logarithmic	 intensity	 ratios	 (e.g.	 ln(I2.5/I10)	 in	 Figure	 1b,c).	 Due	 to	 absorption	 on	 the	
high-energy	side	of	the	peak	the	Lα	X-ray	emission	maxima	in	almandine	is	shifted	to	
lower	energies	at	10	kV.	The	L3	absorption	edge	overlaps	with	the	FeLα	flank-method	
measured	position	of	almandine	and	moves	across	this	measurement	position	as	the	
Fe3+	 content	 of	 the	 sample	 increases.	 The	 estimation	 of	 intensities	 at	 this	 position	
correlates	with	the	valence-dependent	movement	of	the	absorption	edge.	This	 is	the	
main	 principle	 of	 the	 flank	method	 and	 the	 probable	 reason	 for	 its	 high	 sensitivity.	
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However,	without	a	full	understanding	of	the	effects	of	self-absorption	on	the	FeL	X-
Ray	emission	spectra	the	estimation	of	Fe3+	is	impossible.	
	
	
	
	
	
	
Figure	5.1.	from	(Höfer	and	Brey,	2007)		FeL	X-Ray	emission	spectra	of	(a)	Almandine	
and	Adradite-rich	garnets	at	10kV.	The	measurements	positions	of	FeL	X-ray	emission	
spectra	 are	 defined	 in	 the	 regions	 of	 largest	 differences	 between	 spectra.	 (b)	
Almandine	at	2.5	and	10	KV	plus	the	calculated	self-absorption	spectrum.	(c)	Andradite	
at	2.5	and	10	kV	and	calculated	self-absorption	spectrum.	The	spectra	were	normalized	
to	equal	intensities	at	the	flank-method	measurement	position	for	FeLβ.	
	
The	effect	of	 self-absorption	 is	 to	 reduce	 the	 signal	 from	 the	emission	 line,	 since	an	
atom	with	matching	electron	energy	levels	may	absorb	a	photon	emitted	by	an	atom.	
Therefore,	as	the	number	of	emitting	atoms	increases,	the	likelihood	of	self-absorption	
increases.	 Thus	 self-absorption	 of	 Fe	 is	 mainly	 defined	 by	 two	 key	 factors	 during	
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microprobe	 analysis	 of	 garnets:	 the	 penetration	 depth	 of	 electrons	 and	 the	
concentration	of	Fe	in	the	sample.		
	
The	penetration	depth	has	a	significant	effect	on	the	interaction	volume	and	increases	
significantly	 with	 accelerating	 voltage	 (Figure	 5.2).	 At	 2.5kV	 the	 differences	 are	
minimal	 for	 all	 garnet	 solid	 solutions	 with	 various	 Fe	 content	 because	 of	 small	
penetration	depths	and	resulting	lower	interaction	volumes,	and	shorter	path	lengths	
for	FeL	X-ray	emission.	However,	at	an	accelerating	voltage	of	10kV	the	self-absorption	
effect	 is	detectable	and	widens	at	15	and	20	kV.	Höfer	and	Brey	(2007)	observed	the	
absence	 of	 a	 significant	 difference	 between	 15	 and	 20	 kV	 for	 a	 wide	 range	
compositions	of	synthetic	garnets	 (Figure	5.2)	 (Hofer	and	Brey,	2007).	The	maximum	
sampling	volume	can	be	reached	at	15	kV	for	garnets	and	it	is	the	optimal	accelerating	
voltage	along	with	a	beam	diameter	focused	to	1	μm	for	the	combined	flank	method	
and	normal	microprobe	measurement	routine.	
	
The	total	iron	content	in	garnets	has	a	significant	effect	on	Lβ/Lα	ratio	(Figure	5.2).	The	
slope	of	natural	almandine	(solution	of	pyrope-almandine)	–	almandine,	with	exchange	
of	Mg2+	and	Fe2+	cations	on	the	dodecahedral	site	and	Fe3+=	0,	is	parallel	to	the	slope	of	
andradite	–	skiagite,	both	with	Fe3+(pfu)	=	1	on	the	octahedral	site	and	Ca2+	and	Fe2+	
exchange	 on	 the	 dodecahedral	 site.	 A	 solid	 solution	 of	 almandine	 and	 skiagite	 has	
Fe2+=	 const	 and	 Al3+	 replaced	 by	 Fe3+.	 The	 observation	 of	 all	 three	 slopes	 and	 their	
relationships	 shows	 that	 Lβ/Lα	 ratio	 is	 strongly	 depends	 on	 Fe2+	 content,	 i.e.	 self-
absorption	of	 the	generated	FeL	X-ray	emission	by	 the	Fe	atoms	 in	 the	sample	must	
cause	 the	 variation	 in	 Lβ/Lα.	 Thus	 the	 acquisition	 of	 very	 accurate	 ∑Fe	 abundance	
measurements	in	the	sample	during	the	flank	method	analysis	and	the	application	of	
self-absorption	 corrections,	 are	 very	 important	 for	 the	 correct	 determination	 of	 the	
Fe3+/ΣFe	ratio	in	garnet.		
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Figure	 5.2.	 from	 (Höfer	 and	 Brey,	 2007)	 Dependency	 of	 the	 flank	 method	 ratio	 on	
accelerating	voltage	and	the	variation	of	Lβ/Lα	with	the	total	Fe	content	in	garnet	solid	
solution.	
	
The	self-absorption	and	matrix	corrections	
	
The	 self-absorption	 effect	 has	 significant	 effect	 on	 accuracy	 of	 ferric	 iron	 content	
estimation	 and	 therefore	 needs	 to	 be	 described	 for	 flank	 method	 analysis.	 The	
following	 effect	 on	 Lβ/Lα	 ratio	was	 described	 as	 linear	 and	 calibrated	 by	 Höfer	 and	
Brey	 (2007).	 They	 accumulated	 data	 on	 the	 Lβ/Lα	 ratios	 of	 synthetic	 garnets	 with	
previously	 known	 Fe3+/ΣFe	 ratio	 (acquired	 by	 Mössbauer	 spectroscopy)	 with	
simultaneous	major	elemental	analysis.	The	results	of	the	calibration	established	that	
the	 differences	 in	 self-absorption	 of	 Fe2+	 and	 Fe3+	 are	 closely	 connected	 to	 the	
variation	 of	 flank	 intensities	 and	 Fe3+/ΣFe	 ratios.	 The	 total	 self-absorption	 (linear	
superposition	of	both	Fe2+	and	Fe3+)	can	be	quantified	with	multiple	linear	regressions.	
As	 a	 result	 of	 multiple	 linear	 regression	 (Höfer	 and	 Brey,	 2007)	 the	 relationship	
between	Fe2+	and	Lβ/Lα	ratio	can	be	described	as	a	 linear	 function	expressed	by	the	
equation:	
	𝐹𝑒!! = −10.11+ 18.02 × 𝐿!
𝐿! + 0.015× Σ𝐹𝑒+ 0.159×Σ𝐹𝑒× 𝐿β𝐿α 						
(Equation	5.1)	
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This	also	takes	into	account	the	effect	of	self-absorption	correlated	with	the	total	iron	
(Fe2+	 content).	 Using	 this	 principle	 the	 garnet	 standards	 with	 known	 Fe3+/ΣFe	 ratio	
calibrate	the	correlation	between	Lβ/Lα	ratio	and	their	 ferric	 iron	contents.	The	self-
absorption	 correction	 is	 included	 in	 the	 garnet	 standard	 calibration	 for	 each	 sample	
analysis	as	part	of	data	processing	using	an	Excel	spreadsheet.	
	
To	obtain	the	correct	chemical	composition	the	acquired	intensities	of	characteristic	X-
rays	from	the	sample	must	be	corrected	for	matrix	effects.	The	term	of	matrix	effects	
includes	depth	of	production	of	the	X-rays,	absorption	and	secondary	fluorescence	and	
by	default	 is	built-in	as	 the	 last	 step	of	data	production	of	elemental	 analysis	of	 the	
microprobe	software.	However	matrix	correction	 is	not	applied	 to	 the	 flank	data	 (Lα	
and	 Lβ)	 since	 the	 measurements	 position	 for	 FeLα	 matches	 with	 the	 L3	 absorption	
edge	(Figure	5.1).		
	
Experimental	conditions	
	
The	measurements	were	 obtained	with	 JEOL	 JX	 8900RL	microprobe	 at	 University	 of	
Frankfurt,	Germany	under	supervision	of	Dr.	Heidi	Höfer.	The	probe	is	equipped	with	a	
diffusion	pump,	which	allows	experiments	 to	be	 conducted	under	 very	high	 vacuum	
conditions,	 around	 8	 x	 10-6	Pa.	 A	 complex	 central	 air-conditioning	 system	 is	 able	 to	
provide	 constant	 room	 temperature	 at	 20	 oC	 and	 stable	 air	 humidity	 in	 the	
electronprobe	 laboratory.	 This	 is	 also	 the	 temperature	 of	 the	 chilled	 water	 that	
circulates	both	through	the	electronic	cabinet	as	well	as	the	column	(and	outer	jacket	
of	diffusion	pump).	
	
Thin	 sections	 of	 experimental	 samples	 were	 cleaned	 with	 petroleum	 spirit	 and	
compressed	air.	The	polished	natural	samples	in	epoxy	mounts	were	also	cleaned	in	an	
ultrasonic	bath	to	remove	all	residual	material	from	polishing.	All	samples	were	placed	
in	 a	 vacuum	 at	 70	 oC	 to	 evaporate	 any	 remaining	 petroleum	 spirit.	 The	 garnet	
standards	and	samples	were	coated	at	the	same	time;	this	should	minimize	the	effect	
of	 uneven	 carbon	 coating	 during	 standard	 calibration.	 The	 carbon	 coating	 of	 all	
samples	was	done	under	two-step	high	vacuum	conditions.	The	air	in	the	chamber	was	
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pumped	out	by	a	rotary	pump	for	a	several	hours	and	then	by	oil	diffusion	pumps	for	
minimum	9	hours	(overnight).	As	a	result,	the	coating	of	carbon,	applied	to	the	surface	
of	 samples	 revolving	 in	 the	 chamber,	was	 even	 and	was	 about	 9	 to	 12	 nanometers	
thick.		
	
Measurements	 conditions	 were	 15	 kV,	 200	 nA	 for	 garnet	 and	 15kV,	 120	 nA	 for	
clinopyroxene	with	 the	minimal	 focussed	beam	diameter	of	1	µm.	The	 flank-method	
measurements	were	obtained	by	a	TAP	crystal	accumulating	counts	at	706.4	and	716.3	
eV	 for	 the	 Lα	 and	 Lβ	 peaks	 respectively	 with	 a	 measurement	 time	 of	 120	 sec	 for	
garnets	 and	 200	 sec	 for	 clinopyroxene.	 The	 total	 Fe	 content	 in	 the	 minerals	 was	
acquired	at	the	same	time	with	PET	and	LIFH	crystals	on	different	channels,	along	with	
relatively	“heavy”	elements,	Ni	and	Mn.	The	remaining	major	elements	of	Grt	and	Cpx	
were	analyzed	using	TAP	and	PET	crystals	with	shorter	count	times.	All	measurements	
were	obtained	in	scanning	mode	as	a	grid	of	5	by	5	spots	with	a	step	of	1	micron.	This	
mode	helps	to	increase	the	precision	of	measurements	of	one	grain.	
	
	
Analytical	procedure	
	
Spectrometer	 calibration	 of	 the	 required	 elements	 is	 the	 first	 step	 in	 the	 analytical	
routine.	 The	 elements	were	 calibrated	 using	 the	 following	 standards:	 Si	 (CaSiO3),	 Ca	
(CaSiO3),	Ti	(MnTiO3),	Al	(Al2O3),	Cr	(Cr2O3),	Fe	(Fe2SiO4),	Mg	(Mg2SiO4),	Mn	(MnO),	Ni	
(NiO),	 Na	 (NaAlSi3O8).	 A	 search	 for	 the	 peak	 and	 background	 positions	 for	 the	
characteristic	X-ray	emission	line	is	the	essential	for	each	element	(routinely	at	25	kV,	
80	 nA).	 Definition	 of	 the	 peak	 maximum	 of	 FeKα	 (9th	 order)	 on	 Fe	 metal	 using	 an	
automated	 routine	 for	 TAP	 crystal	 and	 subsequent	 calculation	 of	 beam	 current-
normalized	 fe1/fe2	 ratios	 (symmetrical	 distances	 of	 fe1	 and	 fe2	 around	 the	 peak	
maximum)	 are	 performed	 as	 a	 part	 of	 spectrometer	 calibration	 routine.	 The	 fe1/fe2	
shift	value	is	maintained	as	an	internal	reference	and	as	an	energy	calibration	for	the	
flank	method	measurements.	
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For	the	flank	method	measurements,	the	results	from	the	TAP	crystal	spectrometer	for	
FeLα	 and	 FeLβ	 lines	 are	 considered	 as	 “fake”	 elements	 As	 and	 Br	 respectively.	 The	
calibration	 procedure	 also	 includes	 adjustment	 of	 the	 spectrometer	 shift	 value	 and	
longer	measuring	time.		
	
The	 calibration	 with	 4-6	 standard	 mineral	 samples	 (Grt	 or	 Cpx)	 with	 known	 ferric/	
ferrous	 ratio	 from	 an	 independent	 technique	 (e.g.	 Mössbauer	 spectroscopy)	 before	
each	set	of	samples	is	critical	to	obtaining	reliable	results	from	the	flank	method.	For	
this	 project	 we	 used	 peridotite	 garnets	 from	 xenoliths	 (UA4,	 UA5,	 UA17	 and	 UA10	
from	Udachnaya,	Russia)	and	garnets	from	megacrysts	(oxAlm	and	Damknolle	from	Biu	
and	Jos	Plateaus,	Nigeria)	with	estimated	Fe3+/ΣFe	ratio	(from	0.03	to	0.13)	(Table	5.1)	
(Hofer	 and	 Brey,	 2007;	 Rankenburg	 et	 al.,	 2004).	 The	 standard	 samples	 for	
clinopyroxene	had	a	range	of	Fe3+/ΣFe	ratio	values	between	0.18	and	0.31	(Table	5.5).	
Additionally	a	few	measurements	on	a	couple	of	standard	samples	every	now	and	then	
are	acquired	to	check	the	stability	of	the	analyses.	
	
The	scanning	mode	as	a	grid	of	5	by	5	points	for	each	grain	takes	about	1.5	hours.	To	
obtain	representative	results,	in	each	experimental	sample,	a	grain	in	both	the	garnet	
layer	and	the	matrix	sections	was	analyzed.	For	the	natural	samples	2-3	different	areas	
were	analyzed	 in	 various	parts	of	 the	 thin	 sections	or	 in	 a	 single	 crystal	 in	 an	epoxy	
mount.	
	
All	quantitative	results	were	corrected	by	off-line	matrix	correction,	except	As	and	Br.	
The	net	intensities	of	As	(FeLα)	and	Br(FeLβ)	are	multiplied	by	the	beam	current	values	
to	get	count	rates	and	calculate	the	flank	method	ratios,	which	are	used	for	Fe3+/ΣFe	
ratio	determination.	
	
The	flank	method	data	processing	
The	 results	 of	 flank	 method	 and	 quantitative	 analysis	 are	 processed	 in	 MS	 Office	
spreadsheet.	Spreadsheets	are	divided	into	groups	of	4	garnet	standards	and	15	or	6	
sample	analysis	depending	on	a	single	load	of	sample	holder	(sample	holder	of	6	round	
mounts	or	2	thin	sections	and	1	garnet	standard	mount	respectively).	
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The	average	composition	of	garnets	was	evaluated	 from	25	spots	grid	analyses,	 thus	
the	total	FeO	(wt.%)	used	for	calculations	is	highly	accurate.	The	∑FeO	content	of	most	
of	 the	natural	garnets	was	 less	 than	22	wt.%	 (most	eclogite	garnets	are	between	10	
and	17	wt.%	total	FeO)	and	the	correlation	between	Lβ/Lα	ratio	and	Fe2+	was	linear.		
Each	 obtained	 net	 intensity	 of	 As	 (FeLα)	 and	 Br(FeLβ)	 (cps/uA)	 is	 normalized	 to	 its	
measurement	current	and	converted	to	counts	per	seconds	from	the	acquisition	time	
(100	seconds	for	garnets).	
		
For	garnet	standards,	the	regressed	ratio	of	net	intensities	(cpsLβ/cpsLα)	is	estimated	
for	 given	 Fe2+	 content	 using	 the	 Equation	 5.1.	 The	 Fe2+	 content	 is	 calculated	 from	
measured	 total	 iron	 and	 known	 Fe3+/ΣFe	 ratio,	 previously	 measured	 by	 Mössbauer	
spectroscopy.	The	difference	between	this	regressed	ratio	and	normalized	ratio	(or	Δ	
Ratio)	correlates	with	the	amount	of	ferric	iron	in	the	standards.	
	
The	following	correlation	between	the	Δ	Ratio	and	Fe3+	content	is	used	as	a	standard	
line	for	conversion	of	normalized	 intensities	ratios	to	ferric	 iron	content	for	analyzed	
samples	from	the	same	batch.	Finally	Fe3+/ΣFe	ratio	is	calculated	by	dividing	estimated	
Fe3+	content	by	measured	ΣFe	(wt.%).		
	
Error	propagation	of	flank	technique	is	mainly	based	on	statistics	of	ferric	iron	content	
estimation.	The	ferric	iron	content	for	the	sample	is	evaluated	from	average	of	results	
of	 25	 spot	 analyses	 (5	 by	 5	 grid).	 The	 uncertainty	 in	 total	 iron	 (ΣFe,	wt%)	 is	 almost	
negligible	(Figure	5.5a)	and	does	not	affect	the	resulting	standard	deviation	of	Fe3+/ΣFe	
ratio.	 Thus	 the	 uncertainty	 of	 Fe3+/ΣFe	 ratio	 can	 be	 considered	 as	 statistical	 with	 a	
significant	 dependency	 on	 the	 results	 of	 calibration.	 However	 multiple	 analyses	 of	
same	sample	have	some	variation	in	Fe3+/ΣFe	ratio	and	therefore	the	average,	used	for	
calculation	of	mole	fraction	of	andradite	component,	has	an	apparent	uncertainty.	
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Results	of	garnet	flank	analysis		
	
The	 first	 and	 the	 essential	 part	 of	 the	 flank	 method	 measurements	 is	 the	 garnet	
standards	calibration.	We	employed	6	natural	garnets	with	various	total	Fe	contents	to	
(from	 5.2	 to	 20.7	 wt.%)	 to	 estimate	 the	 self-absorption	 coefficient	 effect	 and	
calibration	curve	for	each	batch	of	samples	(Table	5.1	and	Figure	5.3).	Figure	5.3	shows	
that	Fe3+/ΣFe	ratio	of	natural	garnet	standards	derived	from	the	flank	method	 is	 in	a	
good	agreement	with	the	results	from	Mössbauer	spectroscopy.	The	error	in	Fe3+/ΣFe	
ratio	from	the	flank	analysis	 is	up	to	0.01	and	it	highly	depends	on	the	quality	of	the	
carbon	coating	on	sample.		
	
Figure	 5.3.	 Calibration	 of	 internal	 standard	 Fe3+/ΣFe	 ratios	 determined	 by	 the	 flank	
method	 vs.	 Fe3+/ΣFe	 obtained	 by	Mössbauer	 spectroscopy	 in	 6	 natural	 garnets	with	
various	Fe	content	(5.2	to	20.6	wt%	of	Fe).	The	total	amount	of	5x5	grid	measurements	
is	26.	The	horizontal	error	bars	 for	Mössbauer	 spectroscopy	are	about	 	±0.01	 (Hofer	
and	Brey,	2007).	The	vertical	error	bars	are	1σ	uncertainty	of	the	flank	method	from	
5x5	grid	measurements.	
	
A	 few	 chosen	 from	 a	 batch	 of	 eclogite	 garnets	 from	 xenoliths	 (Roberts	 Victor	 and	
Wesselton,	 South	 Africa;	 Udacnhaya,	 Zarnitca,	 Yakutia)	 were	 employed	 as	 eclogite	
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garnet	standards	for	the	XANES	technique	due	to	the	absence	of	inclusions	and	zoning	
in	 major	 element	 composition.	 According	 to	 Mössbauer	 spectroscopy	 most	 of	 the	
samples	have	no	more	than	10%	of	Fe3+/ΣFe	ratio	(Table	1,2).	This	is	in	agreement	with	
limited	amount	of	 ferric	 iron	 in	garnets	 from	eclogite	xenoliths	 (Sobolev	et	al.,	1999;	
Luth	et	al.,	1990).		
	
Sixteen	 eclogite	 garnet	 standards	 with	 known	 Fe3+/ΣFe	 ratio	 (determined	 by	
Mössbauer	 spectroscopy	 in	 Goethe	University	 by	 Alan	Woodland)	were	 checked	 for	
ferric	iron	content	with	the	flank	method	measurements	(Table	2).	The	samples	have	
various	 Fe	 content	 (6-23	 FeO	 wt.%)	 while	 the	 Fe3+/ΣFe	 ratio	 divides	 them	 into	 two	
groups,	6	samples	have	undetectable	Fe3+	content	and	10	samples	have	Fe3+/ΣFe	about	
0.05	(Figure	5.4).	Those	10	samples	were	used	as	“secondary”	standards	for	flank.	The	
correlation	between	Fe3+/ΣFe	ratios	of	flank	and	Mössbauer	are	in	plausible	agreement	
(Table	 2).	 Thus	 standard	 samples	 without	 Fe3+/ΣFe	 ratio	 determined	 by	 Mössbauer	
spectroscopy	(due	to	 large	number	of	 inclusions	or	 lack	of	sample	amount)	might	be	
possible	 eclogite	 garnet	 standards	 for	 XANES	 measurements	 with	 Fe3+/ΣFe	 ratios	
determined	by	the	flank	method.	
	
Figure	5.4.	The	flank	analysis	of	Fe3+/ΣFe	ratio	of	eclogite	garnets	from	xenoliths	used	
as	a	“secondary”	standards	for	XANES	measurements.	The	error	in	total	Fe	is	less	than	
a	symbol.	
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Eight	samples	of	garnets	 from	kyanite-bearing	eclogites	and	one	garnet	sample	 from	
an	Opx-bearing	eclogite	were	also	analyzed	for	Fe3+/ΣFe	ratio.	Microprobe	analysis	of	
the	garnets	showed	the	absence	of	significant	compositional	zoning	in	the	whole	area	
of	the	xenolith	thin	section	(Figures	5.2	and	5.3)	or	in	the	single	grain	of	garnet	(Figure	
5.5).	The	discrepancy	in	Fe3+/ΣFe	ratio	within	a	grid	of	5	by	5	spots	measurements	of	a	
single	grain	was	observed	for	some	garnet	samples	(large	error	bars	of	few	samples	in	
Figure5b).	The	results	of	quantitative	microprobe	analysis	didn’t	show	any	variation	in	
chemistry	 between	 garnets	 of	 various	 parts	 of	 the	 same	 xenolith.	 For	 example,	
multiple	 analyses	 of	 garnets	 from	 different	 areas	 of	 xenolith	 (with	 the	 thin	 section)	
showed	 almost	 identical	 concentration	 of	 FeO	 (Figure	 5a).	 While	 the	 flank	 analysis	
shows	 slight	 discrepancy	 in	 oxidation	 state	 of	 some	 garnet	 from	 various	 zones	 of	
xenolith,	e.g.	UD-13-180,	UD-11-42c	etc.	in	Figure	5.5b.	
	
Finally	 garnets	 from	 carbonate-bearing	 experiments	 were	 analyzed	 by	 the	 flank	
method.	 Most	 experimental	 samples	 exhibited	 different	 compositions	 between	
garnets	 in	 the	 layer	and	 in	 the	matrix.	However	 the	 flank	analysis	with	simultaneous	
microprobe	 analysis	 of	 major	 elements	 does	 not	 require	 large	 sample	 area	 for	
measurements,	 thus	 it	 is	 able	 to	 estimate	 the	 redox	 state	of	 any	 small-scale	 area	 in	
heterogeneous	experimental	samples.	
	
In	contrary	the	milliprobe	Mössbauer	technique	requires	much	larger	sample	area	(50	
microns	 minimum)	 and	 hence	 can	 be	 done	 only	 in	 layered	 (or	 “sandwich”)	
experimental	 set	 ups	 (Stagno	 et	 al.,	 2015).	 Depending	 on	 PT-conditions	 the	 layer-
designed	 experiments	 might	 experience	 major	 heterogeneity	 not	 only	 through	 the	
capsule,	but	also	through	the	layer	or	even	the	single	grain.	At	the	moment	the	flank	
method	 is	 the	 only	 technique,	 which	 can	 accurately	 and	 precisely	 estimate	 the	
oxidation	 state	of	experimental	eclogite	garnets	or	any	eclogite	garnet	with	possible	
Fe-bearing	phase	inclusion	or	apparent	zoning.	
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Figure	 5.5.	 (a)	 FeO,	 (wt%)	 in	 garnets	 from	 kyanite-bearing	 and	Opx-bearing	 eclogite	
xenoliths.	 The	 error	 for	 most	 of	 analyses	 is	 less	 than	 a	 symbol.	 (b)	 The	 results	 of	
simultaneous	 flank	 analysis.	 The	 error	 is	 based	 on	 standard	 deviation	 of	 25	 points	
measurement	in	5x5	grid,	2µm	apart.		
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Figure	 5.6.	 The	 results	 of	 microprobe	 analysis	 and	 simultaneous	 flank	 analysis	 on	
experimental	 garnets.	 The	 starting	 composition	 was	 EA1	 eclogite	 with	 15%	 CaCO3.	
Experimental	data	at	T=1000oC	and	P=40	kbar	are	in	the	box	outlined	by	a	blue	dashed	
line.	(a)	The	FeO	(wt%)	in	garnets	from	the	layer	(blue	symbols)	and	the	matrix	(the	red	
symbols).	The	large	error	bars	are	usually	for	garnets	from	the	matrix	due	to	small	sizes	
of	garnets	crystals.	(b)	Fe3+/ΣFe	ratio	of	garnets	from	the	layer	(blue	symbols)	and	the	
matrix	(red	symbols).	The	linear	trend	line	is	given	for	experimental	garnets	from	the	
layer.	Experiments	in	dashed	box	were	performed	at	40	kbar.	
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Experimental	series	had	various	contents	and	compositions	of	carbonates.	A	series	of	
experiments	with	15%	CaCO3,	which	crystallized	eclogite	assemblages,	was	conducted	
at	temperatures	between	900	and	1200	oC	and	pressures	of	30,	35	and	40	kbar	(Figure	
5.6).		
	
Increasing	 temperature	 increases	 the	 volume	 of	 melt	 and	 seems	 to	 improve	 the	
chemical	homogeneity	between	garnets	 from	 the	 layer	and	 the	matrix	 (Figure	5.6a).	
Compositions	of	garnets	from	the	layer	and	from	the	matrix	of	experiment	at	1200	oC	
are	 almost	 identical,	 while	 experiments	 at	 lower	 temperatures	 have	 compositional	
variation	 through	 the	 various	 parts	 of	 experimental	 capsule.	 An	 experimental	 run	
conducted	at	P=40	kbar	and	1000	oC	shows	a	slightly	different	results.	We	observed	a	
decrease	in	FeO,	wt.%	(Figure	5.6a)	and	an	increase	of	CaO,	wt.%	(Table	4),	and	higher	
Fe3+/ΣFe	ratio	with	5	kbar	offset	from	the	experimental	series	(Figure	5.6a).		
	
The	 estimated	 amount	 of	 andradite	 component	 in	 the	 experimental	 garnets	 shows	
that	 the	 redox	 equilibrium	 between	 garnets	 from	 the	 layer	 and	 the	 matrix	 of	
subsolidus	 runs	 (estimated	between	900	and	1000	oC	 for	EA1+15CaCO3,	Table	2.3)	 is	
far	 from	ideal.	 Increasing	the	temperature	of	 the	experimental	 runs	can	 improve	the	
chemical	 (Figure	 5.6a)	 and	 the	 redox	 state	 equilibrium	 (Figure	 5.7)	 and	 analysis	 of	
garnets	from	the	garnet	layer	can	be	expected	to	be	in	equilibrium	with	other	phases	
in	the	matrix	(clinopyroxene,	kyanite	etc.)	
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Figure	5.7.	The	amount	of	andradite	end-member	in	experimental	garnet	solid	solution	
vs.	temperature	of	experimental	run.	Blue	symbols	are	garnets	from	the	layer	and	red	
symbols	are	garnets	from	the	matrix.	The	error	 is	 less	than	a	symbol.	Experiments	 in	
dashed	box	were	performed	at	40	kbar,	otherwise	at	35	kbar.		
	
	
	
Results	of	clinopyroxene	flank	analysis	
	
The	flank	analysis	was	conducted	on	experimental	clinopyroxene	in	the	matrix	layer	of	
experimental	 samples	 (September,	 2014)	 and	 on	 a	 few	 clinopyroxene	 from	 eclogite	
xenoliths,	 ordinary	 and	 kyanite	 bearing	 (September,	 2014	 and	 March,	 2015).	 The	
general	 flank	 measurement	 technique	 as	 applied	 to	 cpx	 is	 currently	 under	
development	 due	 to	 a	 number	 of	 factors	 that	may	 influence	 its	 accuracy,	 including	
Na2O	content,	Cpx	standard	quality	etc.	However	at	this	stage	the	results	of	the	flank	
analysis	 are	 semi-quantitative	 and	 can	 be	 revised	 as	 a	 supplement	 to	 conventional	
microprobe	data	with	stoichiometric	calculations.	Combined	together	they	are	able	to	
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accurately	estimate	activities	of	end-members	of	experimental	clinopyroxene,	which	is	
required	to	build	an	oxygen	fugacity	buffer	reaction	for	eclogite	assemblages.		
	
Six	 clinopyroxene	 standards	 with	 Fe3+/ΣFe	 ratio	 previously	 determined	 from	
Mössbauer	 spectroscopy	 were	 employed	 to	 calibrate	 the	 flank	 analysis	 of	
experimental	and	natural	clinopyroxenes.	The	range	in	Fe3+/ΣFe	ratio	of	the	standards	
is	0.15-0.31	and	compositionally	standards	are	in	diopside-hedenbergite	range	with	a	
few	 exceptions	 of	 high	 jadeite	 and	 Ca-Tschermak	 components	 (Table	 5.5).	 	 BE9	was	
employed	 in	 both	 calibration	 batches	 (September	 and	March),	 as	was	Mir+Grt.	 Two	
analyses	 of	 first	 sample	 have	 offsets	 of	 0.094	 and	 0.13	 from	 the	 calibration	 line.	 In	
contrast.	 both	 of	 the	Mir+Grt	 clinopyroxene	 analyses	 have	 an	 almost	 identical	 0.04	
offset	 (Table	 5.5,	 Figure	 5.8).	 Also	 two	 analyses	 of	 RK12	 sample	 are	 in	 a	 good	
agreement	with	 the	calibration	 line	of	 Fe3+/ΣFe	 ratio.	 	 These	observations	 show	 that	
the	 offset	 from	 the	 calibration	 line	 is	 systematic	 for	 the	 same	 samples	 in	 different	
measurement	times,	and	can	guide	choice	of	the	best	possible	calibration	standard	for	
Cpx	flank	analysis.	
	 	
Figure	 5.8.	 Calibration	 of	 internal	 standard	 Fe3+/ΣFe	 ratios	 of	 clinopyroxene	
determined	by	the	flank	method	vs.	Fe3+/ΣFe	obtained	by	Mössbauer	spectroscopy.	
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The	standards	with	higher	Fe	content	(Dam+	and	Mir+Grt	samples	in	Figure	5.9)	tend	
to	have	similar	Fe3+/ΣFe	ratio	estimated	by	both	Mössbauer	and	by	the	flank	method	
(Figure	5.8).	Also	RK12	has	about	30%	ferric	iron	with	a	relatively	low	total	iron	content	
(total	FeO=	3	wt.%).	The	 total	 iron	content	 is	used	 for	 the	self-absorption	correction	
and	as	a	part	of	the	estimation	of	the	regressed	intensity	ratio	of	Lβ/Lα.	The	difference	
between	the	regressed	intensities	line	and	the	measured	initial	unknown	Lβ/Lα	is	the	
ΔRatio	and	shows	the	amount	of	ferric	iron	in	the	sample.		The	relatively	small	amount	
of	total	iron	and	Fe3+/ΣFe	ratio	of	F9	and	BE9	samples	makes	the	self-absorption	effect	
insignificant	and	the	ΔRatio	evaluation	less	accurate.	Thus	the	optimal	samples	for	cpx	
flank	method	standardization	have	more	than	30%	ferric	to	total	iron	with	no	less	than	
3	wt.%	of	total	Fe.		
	
	
Figure	5.9.		Fe3+/ΣFe	ratio	(obtained	by	Mössbauer)	of	Cpx	flank	method	standards	vs.	
the	 amount	 of	 total	 iron	 estimated	 by	microprobe.	 The	 error	 for	Mössbauer	 is	 less	
than	0.01	and	for	total	iron	is	less	than	the	symbol.		
	
Several	experimental	(Table	5.6)	and	natural	(Table	5.7)	clinopyroxenes	were	analyzed	
for	major	elements	by	microprobe	with	simultaneous	flank	analysis	in	September	2014	
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and	March,	2015	respectively.	The	results	of	Fe3+/ΣFe	ratio	analysis	of	 these	samples	
are	at	 this	stage	considered	as	semi-quantitative.	However	crosschecking	of	Fe3+/ΣFe	
ratio	 estimated	 by	 the	 flank	method	with	mineral	 stoichiometry	 shows	 an	 apparent	
correlation	between	the	calculated	cation	relationship	and	the	estimated	redox	state	
of	 analyzed	 clinopyroxenes	 (Figure	 5.10).	 The	 difference	 between	 Fe	 in	 the	M1	 site	
(hedenbergite	component)	and	Ca	+	Na	 in	the	M1	site	 (Na	 is	 responsible	 for	 jadeite-
aegerine	 solid	 solution)	 correlates	 with	 the	 amount	 of	 measured	 ferric	 iron	 in	
clinopyroxene	 solid	 solution.	 However	 samples	 with	 higher	 content	 of	 Na	 do	 not	
correlate	linearly	with	estimated	ferric	to	total	iron	ratio	(505	and	502	in	Table	5.7).	
	
Figure	5.10.	The	correlation	between	cations	difference,	Ca	(M2)	+	Na	(M2)	-	Fe2+	(M1)	
versus	Fe3+/ΣFe	ratio	estimated	by	the	flank	method.	The	error	for	cation	difference	is	
evaluated	from	cation	with	the	highest	standard	deviation	(most	of	the	time	Ca).		
	
The	 amount	 of	 Na	 in	 clinopyroxene	 samples	 has	 a	 critical	 role	 on	 the	 quality	 of	
microprobe	analysis	and	subsequently	on	accuracy	of	the	flank	analysis.	The	routine	of	
microprobe	analysis	for	Cpx	is	15	kV	and	120	nA	current.	Since	highly	sodic	Cpx	can	be	
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fragile	and	ablate	due	to	high	current	the	 intensity	of	elements	signal	 (mostly	Na)	to	
the	channel	may	be	affected.	
		
The	most	important	reason	for	inconsistent	results	of	microprobe	analysis	of	each	spot	
in	a	grid	(high	st.dev	in	some	Cpx	samples	in	Table	5.6)	 is	the	overlapping	beam	spot	
area	 on	 the	 sample	 surface.	 A	 simple	 increase	 of	 step	 size	may	 stop	 the	 overlap	 of	
beam	spots	of	 the	grid	and	the	material	destruction	under	high	beam.	We	 increased	
the	step	size	of	the	grid	from	1	micron	to	10	microns	of	microprobe	and	simultaneous	
flank	analysis	on	natural	clinopyroxene	samples.	In	Figure	16	there	are	results	of	Na2O	
content	estimation	of	25	spots	of	grids	with	1	micron	and	10	microns	step	sizes.	The	
analyses	 were	 conducted	 on	 the	 same	 Cpx	 sample	 (UD-10-502)	 and	 the	 same	
microprobe	 routine.	 The	effect	of	 the	 change	of	 step	 size	on	analyses	 is	 drastic;	 the	
intensity	 of	 Na2O	 signal	 is	 very	 consistent	 for	 10-micron	 step-size	 and	 uneven	 for	
overlapping	grid	analyses	(Figure	5.11).		
	
However,	the	increase	of	step	size	can	help	to	improve	results	of	microprobe	analysis	if	
only	 the	 grain	 size	of	 highly-sodic	Cpx	 sample	 is	 bigger	 than	70	microns	 in	diameter	
and	has	no	prominent	zoning	in	chemistry	through	grain	zones.	
	
Figure	5.11.	The	Na2O	content	of	5x5	grid	analyses	on	single	grain	of	Cpx	with	different	
step	size:	blue	symbols	are	conducted	with	10-micron	step	size	and	red	symbols	with	
1-micron	(or	overlapping).	
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Conclusions	
	
Fe3+/ΣFe	 ratio	 of	 experimental	 garnets	 estimated	 by	 the	 flank	 method	 has	 a	 slight	
correlation	 with	 temperature.	 The	 higher	 temperatures	 in	 EA1+15%	 CaCO3	
experimental	 series	 are	 associated	 with	 higher	 ferric	 iron	 content	 in	 experimental	
garnet	solid	solution	 (Figure	5.6b).	The	change	 in	 ferric	 iron	content	and	subsequent	
increase	 of	 andradite	 activity	 affects	 the	 overall	 oxygen	 fugacity	 of	 experimental	
assembly	according	to	the	buffer	reaction:		
3Ca3Fe3+2Si3O12	+	5SiAl2O5	+	SiO2	=	3Ca3Al2Si3O12	+2Fe2+3Al2Si3O12+	1.5	O2	
(Andradite	+	Kyanite	+	Coesite=	Grossular	+	Almandine	+	O2	)	
and	
3/2logfO2	=	-ΔGr/RTln(10)	+3log	aGrtAndr	–	3log	aGrtGros	–	2log	aGrtAlm	
	
Also	the	increase	of	oxygen	fugacity	with	temperature	rise	was	recorded	by	fO2	noble	
metal-based	 sensors.	 Together	 with	 apparent	 detectable	 variation	 of	 andradite	
component	 (Figure	 5.6),	 high	 accuracy	 and	 precision	 of	 ferric	 iron	 estimation	 and	
complete	 equilibrium	of	 garnets	 in	 the	 layer	 and	 the	matrix	 at	 higher	 temperatures	
(Table	5.4)	mean	that	the	flank	analysis	is	an	excellent	milliprobe	method	for	Fe3+/ΣFe	
ratio	estimation	in	experimental	and	natural	garnets.		
	
Quantitative	analysis	of	natural	garnets	from	xenoliths	didn’t	detect	any	compositional	
variation	 through	 the	 thin	 section	 of	 eclogite	 xenoliths.	 While	 the	 redox	 state	 of	
garnets	from	the	different	areas	of	the	xenolith	is	quite	different	(e.g.	13-180	in	Figure	
5.5b).	The	difference	in	redox	state	zoning	is	possibly	caused	by	secondary	processes,	
which	had	 a	major	 effect	 on	 clinopyroxene	 replacement	 and	 introduction	 secondary	
mineralization	to	the	xenolith	body.	
	
However,	 the	 flank	method	 for	 Fe3+/ΣFe	 ratio	 estimation	 in	 clinopyroxene	 is	 not	 yet	
sufficiently	accurate	to	be	fully	quanitative.	The	effect	of	compositional	variation	(e.g.	
FeO	 content)	 (Figure	 5.9)	 on	 the	 calibration	 curve	 of	 Fe3+/ΣFe	 ratio	 clinopyroxene	
standards	 has	 to	 be	 fully	 investigated.	 As	 result	 Cpx	 standards	with	 ideal	 ferric	 iron	
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content	estimated	previously	by	Mössbauer	and	total	Fe	content	should	be	developed	
for	 the	 flank	 method	 calibration.	 Also	 the	 methodology	 of	 flank	 analysis	 on	 Cpx	
requires	 further	 development	 and	 includes	 the	 investigation	 of	 beam	 size	 and	
geometry	of	microprobe	electron	detection.	The	increase	in	size	of	beam	can	harm	the	
intensity	of	the	signal	to	some	degree	and	that	could	be	potentially	harmful	for	high-
energy	peaks	like	FeLα	and	FeLβ.	
	
The	high	content	of	sodium	in	clinopyroxene	samples	can	make	the	mineral	fragile	and	
unstable	under	a	high	beam	current.	Thus	the	change	of	geometry	of	the	analysis,	for	
example,	 using	 a	 grid	 with	 a	 bigger	 step	 size	 (more	 than	 5	 microns)	 will	 lead	 to	
constant	 intensity	 of	 any	 element	 on	 each	 channel	 of	 microprobe.	 However	 this	
approach	can	be	problematic	with	experimental	samples	with	smaller	grain	sizes	and	
samples	with	obvious	zoning	in	chemistry.		
	
In	general,	the	results	of	flank	analysis	on	Cpx	can	be	assessed	as	a	semi-quantitative	
and	 used	 as	 additional	 information	 along	 with	 microprobe	 data	 and	 stoichiometry	
calculations	for	estimation	of	Fe3+/ΣFe	ratio	in	experimental	and	natural	clinopyroxene.	
		
		
	
	
	
Chapter	6.	Thermodynamic	modeling	of		
an	oxybarometer	for	eclogite:		
Garnet-clinopyroxene	and		
Garnet-Kyanite	redox	reactions	
	
Introduction	
	
In	 previous	 chapters	 the	 formation	 of	 diamonds	 and	 the	 links	 to	 the	 stability	 of	
carbonates	 in	 carbonate-bearing	 altered	 oceanic	 crust	 during	 subduction	 were	
discussed.	As	previously	stated,	mechanisms	for	the	transportation	of	carbon	(P-T-fO2	
phase	diagram)	 to	 the	deep	mantle	and	 the	possible	 transformation	of	 carbonate	 to	
graphite/diamond	in	the	subducting	slab	are	not	well	understood.	
	
One	 possible	 mechanism	 for	 carbon	 reduction	 in	 carbonate-bearing	 eclogites	 was	
proposed	by	(Luth,	1993):	
	
CaMg(CO3)2	+	2SiO2	=	CaMgSi2O6	+	2C	+	2O2																														(Equation	6.1)	
Dolomite	+	coesite	=	diopside	and	graphite/diamond	
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Figure	6.1.	after	(Luth,	1993)	Isobaric	section	(P=5GPa)	temperature	vs.	log	fO2.	DCDD	
reaction	suggests	the	stability	of	diamond	in	eclogite	assemblage	in	the	stability	field	
of	carbonate	peridotite	(EMOD).	Reaction	abbreviations:	FsMC	(ferrosillite-magnetite-
coesite)	 is	 the	 high-pressure	 version	 of	 the	 FMQ	 (fayalite-magnetite-quartz)	 oxygen	
buffer	 reaction;	 CCO	 –	 the	 reaction	 C	 +	 O2	 =CO2	 defines	 the	 maximum	 stability	 of	
diamond;		DCDD	–	the	reaction	(1),	DCDV	–	reaction	(1)	with	stable	CO2	instead	of	C0;	
EMOD	–	the	reaction	which	defines	the	stability	of	diamond	in	harzburgites	Mg2Si2O6	
(Opx)	+	2MgCO3	(Mag)	=	2Mg2SiO4	(Ol)	+	2C	+	2O2.		
	
This	equation	(DCDD	in	Figure	6.1)	defines	the	stability	limits	of	carbonates	in	eclogites	
and	the	formation	of	diamond	in	equilibrium	with	eclogite	assemblages	as	a	function	
of	 pressure,	 temperature	 and	 oxygen	 fugacity.	 The	 reaction	 is	 relevant	 to	 SiO2	
oversaturated	carbonate-bearing	eclogites	and	involves	the	activity	of	diopside	in	the	
clinopyroxene	 solid	 solution.	 Luth’s	 (1993)	 thermodynamic	modeling	of	 this	 reaction	
(Equation	 6.1)	 suggests	 that	 diamond	 may	 be	 stable	 in	 eclogite	 under	 the	 same	
conditions	 of	 P-T-	 ƒO2	 at	which	 carbonate	 is	 stable	 in	 harzburgite	 (the	 field	 between	
DCDD	and	EMOD	reactions	in	Figure	6.1).		
	
The	redox	conditions	at	which	carbonate	 (CO32-)	 is	 reduced	to	graphite/diamond	(C0)	
have	 been	 extensively	 studied	 for	 carbon-bearing	 peridotite	 assemblages	
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(Gudmundsson	 and	Wood,	 1995;	 Stagno	 and	 Frost,	 2010;	 Stagno	 et	 al.,	 2014).	 The	
results	of	these	investigations	show	that	the	composition	and	redox	state	of	carbonate	
minerals	and	melts	are	highly	dependent	on	the	composition	and	fO2	of	the	coexisting	
silicate	assemblage.		The	development	of	oxybarometer	reactions	for	peridotite	was	a	
necessary	outcome	of	these	studies.	
	
In	case	of	DCDD	reaction	(Equation	6.1)	the	reaction	in	ƒO2-T-P	space	is	mainly	defined	
by	the	activities	of	dolomite	and	diopside	(clinopyroxene).	Therefore,	the	reaction	has	
a	large	dependence	on	the	composition	(and	redox	state)	of	clinopyroxene	and	garnet.	
The	 DCDD	 reaction	 does	 not	 describe	 the	 redox	 state	 of	 garnet	 and	 clinopyroxene,	
which	are	the	main	minerals	of	eclogite,	and	are	volumetrically	more	significant	than	
the	 carbonate	 (or	 graphite/diamond)	 (Frost	 et	 al.,	 2011).	 	 Thus	 the	 redox	 state	 of	
clinopyroxene	and	garnet	should	be	defined	first.	
	
Iron	 is	 the	most	 abundant	 element	 in	 garnet	 and	 clinopyroxene,	 it	 can	 exist	 in	 both	
ferrous	and	ferric	forms,	and	its	oxidation	state	records	the	oxygen	fugacity	in	eclogite	
assemblages.	 Therefore,	 reactions	 based	 on	 the	 reduction	 and	 oxidation	 of	 the	 Fe-
bearing	end-members	of	garnet	and/or	clinopyroxene	could,	 if	 calibrated,	define	 the	
oxygen	fugacity	of	the	subducting	altered	oceanic	crust	at	deep	mantle	conditions.		
	
The	essential	parts	in	the	development	of	the	eclogite	oxybarometer	reaction	are	both	
the	thermodynamic	constraints	and	the	experimental	calibration.	The	application	of	a	
calibrated	and	 tested	oxybarometer	 reaction	 to	natural	 rocks	 can	potentially	explain	
redox	processes	within	altered	oceanic	crust	and	the	phase	compositions	of	eclogite	in	
P-T-fO2	 space,	 including	 the	mechanism	 and	 conditions	 of	 diamond	 formation	 from	
carbonates	in	carbon-bearing	altered	oceanic	crust.		
	
	
In	 recent	 years	 mantle	 petrologists	 have	 focused	 on	 the	 redox	 state	 of	 eclogitic	
assemblages.	 Eclogite	 xenoliths	 hosted	 in	 kimberlite	 magmas	 often	 have	 higher	
abundances	of	diamonds	than	peridotites	 (Cartigny,	2005;	Foley,	2011;	Snyder	et	al.,	
1997).	Eclogitic	diamonds	are	believed	to	form	from	subducted	organic	carbon,	due	to	
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their	 lower	 δ13C	 values	 relative	 to	 peridotite	 diamonds	 (Tappert	 et	 al.,	 2005).	 An	
alternative	model	involves	stable	isotope	fractionation	of	C	and	the	oxidation	of	CH4	to	
diamond	(Cartigny,	2005).	In	order	to	understand	the	mechanisms	of	eclogite	diamond	
formation,	we	first	need	to	study	the	redox	conditions	of	eclogite.	The	most	important	
part	 of	 this	 study	 is	 the	 calibration	 of	 an	 oxybarometer	 reaction	 for	 eclogitic	
assemblages.	
	
Mafic	 rock	 that	 crystallizes	 under	 eclogite	 facies	 conditions	 comprises	 of	 two	major	
rock-forming	 minerals;	 garnet	 and	 omphacitic	 clinopyroxene.	 The	 small	 variety	 of	
major	 minerals	 make	 constraining	 a	 redox	 reaction	 for	 eclogitic	 assemblages	 quite	
challenging,	and	so	it	is	necessary	to	involve	accessory	minerals	(coesite,	kyanite	etc.)	
to	develop	an	appropriate	oxybarometer	reaction.	
	
Simakov		(2006)	proposed	the	first	known	oxybarometer	reaction	for	eclogites:	
	
6CaFeSi2O6	+O2	=	2Ca3Fe2Si3O12	+	Fe2Si2O6	+	4SiO2																											(Equation	6.2)	
Hedenbergite												Andradite											Clinoferrosillite			Coesite	
	
The	 redox	 reaction	 is	 based	 on	 both	 garnet	 and	 omphacite	 (clinopyroxene)	 solid	
solutions,	 in	 equilibrium	with	 coesite.	 The	 calibration	 of	 this	 oxybarometer	 reaction	
was	based	on	the	published	thermodynamic	data	in	which	(Simakov,	2006)	anticipated	
large	uncertainties	in	the	results.	In	this	case,	the	main	sources	of	uncertainty	may	be	
the	 poorly	 constrained	 thermodynamic	 properties	 of	 the	 Fe2Si2O6	 end-member,	 and	
the	 lack	 of	 accuracy	 in	 the	 determination	 of	 the	 ferric	 iron	 content	 in	 garnet	 solid	
solutions.	The	ferric	iron	content	in	garnets	was	mainly	determined	by	stoichiometric	
calculations	using	electronprobe	microanalytical	data.		
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A	 more	 recent	 study	 on	 carbonate-bearing	 eclogites	 proposed	 an	 alternative	
oxybarometer	reaction	(Stagno	et	al.,	2015):		
5CaFeSi2O6	+	
!!	Ca3Al2Si3O12	+	O2	=	2Ca3Fe2Si3O12	+ 13 Fe3Al2Si3O12	+	4SiO2	
Hedenbergite										Grossular																						Andradite																Almandine							Coesite	
(Equation	6.3)	
	
Stagno’s		experimental	calibration	of	this	reaction	was	based	on	the	determination	of	
fO2	at	which	carbonate	eclogite	is	in	equilibrium	with	graphite	at	mantle	PT	conditions	
(P=3-7	GPa,	T=800-1300	 oC).	Oxygen	 fugacity	during	 the	experiments	was	monitored	
by	 iridium-iron	 and	 platinum-iron	 alloy	 redox	 sensors	 (Gudmundsson	 and	 Holloway,	
1993;	Woodland	and	O'Neill,	1997).			
	
This	study	reaffirmed	that	the	main	sources	of	uncertainty	in	determining	fO2	are	the	
low	 precision	 of	 the	 measurements	 of	 the	 ferric	 iron	 content	 in	 the	 experimental	
garnet	 solid	 solutions,	 and	 the	 thermodynamic	 properties	 of	 the	 omphacite	 activity-
composition	 model	 (e.g.	 the	 interaction	 Margulis	 parameters	 for	 both	 M1	 and	 M2	
sites).	 To	 reduce	 analytical	 uncertainty,	 the	Mössbauer	milliprobe	was	 employed	 to	
measure	 the	 Fe3+/ΣFe	 ratio	 of	 garnet	 and	 clinopyroxene	 (McCammon,	 1994).	 Both	
minerals	were	incorporated	as	monomineralic	 layers	in	experimental	capsules,	as	the	
spatial	 resolution	 of	 the	Mössabauer	milliprobe	 analysis	 is	 ≥50	microns	 in	 diameter.	
Compositional	 zoning	 of	 these	 single	 mineral	 layers	 was	 detectable	 and	 thus	
equilibrium	may	not	have	been	approached	in	some	experiments,	particularly	at	lower	
temperatures	(Stagno	et	al.,	2015).	The	principle	of	the	development	and	experimental	
calibration	of	this	oxybarometer	reaction	is	based	on	fitting	the	model	to	the	values	of	
fO2	recorded	by	 in	 situ	 fO2	monitors,	 in	 this	case	 the	Fe-Ir	alloy	sensor.	The	very	 low	
concentrations	of	Fe	in	Fe-Ir	alloys	at	the	relatively	low	experimental	oxygen	fugacities	
may	 have	 contributed	 to	 the	 uncertainties	 in	 the	 fO2	 determinations	 during	
experiments.	As	a	 result,	 the	model	was	applied	only	 to	4	experimental	 spots.	Thus,	
(Stagno	et	al.,	2015)	considered	the	calibration	presented	in	their	study	as	preliminary.		
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The	 experimental	 calibration	 of	 any	 redox	 reaction	 as	 an	 oxybarometer	 requires	
simultaneous	 measurement	 of	 the	 oxygen	 fugacity	 operating	 in	 the	 experiment.	 In	
most	cases,	fO2	was	monitored	by	 iron	plus	noble	metal	alloy	sensors	(Gudmundsson	
and	Wood,	 1995;	 Stagno	 and	 Frost,	 2010)	 or	 by	 external	 buffering	 redox	 reactions	
(Ballhaus	 et	 al.,	 1991).	 Alternatively,	 two	 oxybarometer	 reactions	 using	 the	 same	
mineral	 assemblage,	 with	 various	 phase	 compositions,	 can	 be	 calibrated	 by	 “cross-
checking”.	 	 For	 instance,	 two	 redox	 reactions	 were	 proposed	 as	 oxybarometer	
reactions	for	spinel	peridotites:	the	first	reaction	was	calibrated	by	Nell	&	Wood	(Nell	
and	Wood,	1991):	6Olivine	+	O2	=	3Opx	+2Spinel	and	the	second	reaction	which	does	
not	 involve	 orthopyroxene,	 was	 first	 calibrated	 by	 O’Neill	 &Wall	 (O'Neill	 and	 Wall,	
1987):	3Olivine	+	O2	=	2Spinel	+	3SiO2.	
	
The	 experimental	 cross-checking	 of	 reactions	 against	 one	 another	 showed	 that	 they	
are	in	agreement	to	within	a	0.5	log	unit	range	(Wood,	1991).	The	application	of	both	
reactions	 to	 natural	 rocks	 does	 not	 always	 give	 the	 same	 fO2	 estimation.	 It	 was	
reported	that	depending	on	the	conditions	(e.g.	low	temperature,	high	pressure,	high	
Cr	 content	 in	 spinel)	 the	 calculated	 value	 of	 log	 fO2	 can	 vary	 by	 up	 two	 log	 units	
(McCammon	and	Kopylova,	2004).	
	
Therefore,	the	application	of	two	oxybarometer	reactions	for	the	same	assembly,	but	
different	 phase	 content,	 might	 theoretically	 indicate	 the	 presence	 or	 absence	 of	
equilibrium	between	phases	of	the	sample.	Also,	it	might	highlight	processes	affecting	
the	 sample,	 which	 might	 not	 be	 seen	 with	 conventional	 quantitative	 analysis	 (e.g.	
oxidation	 of	 rims	 of	mineral	 grains).	 Additionally,	 in	 case	 of	 equilibrium	 in	 a	 natural	
sample	 the	 cross-checking	 of	 the	 oxybarometer	 reactions	 will	 provide	 additional	
calibration	data	for	the	thermodynamic	constraints	on	any	of	those	reactions.	
	
In	 this	 project	 thermodynamic	 modeling	 and	 experimental	 calibration	 of	 the	 fO2	 of	
reaction	(Equation	6.1)	using	Fe-Pd	and	Fe-Ir	alloy	sliding	fO2	sensors	have	been	used	
to	 formulate	 a	 new	 eclogite	 oxybarometer.	 This	 is	 applied	 to	 natural	 samples	 of	
eclogite	xenoliths	from	kimberlites	in	this	study.	
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The	main	focus	of	thermodynamic	modeling	of	the	eclogite	oxybarometer	reaction	is	
the	 activity-composition	models	 of	 garnet	 and	 clinopyroxene	 solid	 solutions.	 In	 this	
study	we	have	revised	mixing	models	for	garnet	and	clinopyroxene	solid	solutions	and	
used	 empirical	 cation	 interaction	 parameters	 from	 different	 sources.	 The	 result	
presented	 here	 is	 ,	 a	 thermodynamic	model	 based	 on	 conventional	 thermodynamic	
properties	 (Holland	 and	 Powell,	 2011)	with	 updated	 activity-composition	models	 for	
omphacite	and	eclogite	garnet.	
	
The	 eclogite	 oxybarometer	 calibration	 is	 based	 on	 an	 experimental	 approach.	 The	
experiments	 were	 conducted	 at	 high	 PT-conditions	 with	 various	 carbonate	 eclogite	
compositions	 (with	 kyanite,	 coesite	 and	 different	 carbonate	 compositions).	
Experiments	were	buffered	by	the	reaction	DCDG/D	(Equation	6.1).		
	
Iron-iridium	(Fe-Ir)	and	iron-palladium	(Fe-Pd)	alloy	fO2	sensors	monitored	the	oxygen	
fugacity	during	 the	experiments.	 The	Fe-Pd	alloy	 fO2	 sensor	 is	newly	developed	 (see	
Chapter	3)	and	was	used	 for	 the	 first	 time	 in	 this	project	 to	monitor	 fO2	 in	 situ.	 The	
measured	fO2	was	used	to	calibrate	the	thermodynamic	model	for	the	oxybarometer	
reactions	with	constrained	activity-composition	models.	Compositions	of	experimental	
phases	were	quantified	with	high	precision	and	accuracy	(SEM	and	microprobe).	Since	
Fe3+	content	has	a	significant	effect	on	the	resulting	activities	of	andradite	component,	
Fe3+/ΣFe	 in	 garnet	 was	 precisely	 measured	 by	 micron-scale	 techniques,	 including	
synchrotron-based	XANES	and	the	microprobe-based		“flank”	method.	
	
The	 final	 part	 of	 this	 chapter	 is	 the	 application	 of	 the	 new	oxybarometer	 to	 natural	
kyanite	and	coesite	bearing	eclogite	xenoliths	obtained	from	kimberlite	pipes.	
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Thermodynamic	modeling	of	oxybarometer	reactions		
	
We	 propose	 two	 redox	 equilibria	 as	 potential	 oxybarometer	 reactions	 for	 ordinary	
(garnet	 and	 clinopyroxene)	 and	 kyanite-bearing	 eclogites	 in	 equilibrium	with	 coesite	
(quartz).		
	
The	 first	 reaction	 (Stagno	 et	 al.,	 2015)	 between	 the	 garnet	 solid	 solution	 and	 the	
clinopyroxene	solid	solution	with	coexisting	SiO2	(high	pressure	analogue	in	this	case	is	
coesite)	is:	
	
5CaFeSi2O6					+					⅓Ca3Al2Si3O12					+	O2	=				2Ca3Fe2Si3O12					+				⅓Fe3Al2Si3O12				+		4SiO2	
Hedenbergite							Grossular																													Andradite															Almandine										Coesite	
(Equation	6.4)	
where	 hedenbergite	 is	 an	 end-member	 comprising	 of	 	 clinopyroxene	 and	 grossular,	
andradite,	 almandine	 are	 all	 end-members	 of	 the	 garnet	 solid	 solution.	 In	 text	 the	
reaction	is	abbreviated	as	{Hed}.	
	
At	equilibrium	the	oxygen	fugacity	of	the	reaction	can	be	derived	from	equation:	
	
logfO2	= !!!"(!")!"		+	2log(a!"#$!"# )	+ !!	log(a!"#!"# )	-	5log(a!"#!"# )	-	!! log(a!"#$!"# )		
(Equation	6.5)	
	
where	ΔG	is	the	Gibbs	energy	of	the	reaction,	R	is	the	gas	constant,	T	is	temperature	of	
reaction	in	Kelvin,	and	‘a’	represents	the	activities	of	the	end-members	of	garnet	and	
clinopyroxene	solid	solutions.		
	
The	 accurate	 and	 precise	 measurement	 of	 ferric	 iron	 in	 garnet	 is	 essential	 as	 the	
oxybarometer	 reaction	 depends	 significantly	 on	 the	 activity	 of	 the	 andradite	
component.	The	following	reaction	is	proposed	for	the	estimation	of	oxygen	fugacity	in	
kyanite-bearing	eclogite	assemblages	or	any	kyanite	+	garnet	association	 (In	 text	 the	
reaction	is	abbreviated	as	{Ky}):	
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2Ca3Al2Si3O12	+	4/3Fe2+3Al2Si3O12	+	O2	=	2Ca3Fe3+2Si3O12	+	10/3SiAl2O5	+	2/3SiO2			
Grossular												Almandine																								Andradite																Kyanite										Coesite	
(Equation	6.6)	
	
At	equilibrium	the	oxygen	fugacity	can	be	estimated	by	the	equation:	
	
logfO2	= !!!"(!")!"		+	2log(a!"#$!"# )	-	2log(a!"#$!"# )	-	!! log(a!"#!"# )																	(Equation	6.7)	
	
	
The	 association	 of	 kyanite	 with	 eclogitic	 assemblages	 is	 common	 for	 high-pressure	
metamorphic	facies	(Godovikov	and	Kennedy,	1968).	Kyanite	+	garnet	+	clinopyroxene	
(omphacite)	+	coesite	can	often	be	found	in	UHP	and	HP	metamorphic	complexes	all	
over	the	world	(Endo	and	Tsuboi,	2013).	The	source	of	carbon	and	its	initial	redox	state	
are	 debatable;	 therefore	 the	 application	 of	 the	 eclogite	 oxybarometer	 may	 help	 to	
understand	the	nature	of	diamond-formation	in	UHP	and	HP	metamorphic	complexes.		
The	 association	 of	 kyanite	 and	 garnet	 in	 xenoliths	 derived	 by	 kimberlite	magmatism	
has	been	reported	several	times.		The	xenoliths	with	kyanite,	garnet	and	clinopyroxene	
crystals	were	found	in	a	few	kimberlite	pipes	of	South	Africa	and	Yakutia,	Russia	(Jacob	
et	 al.,	 2003).	 The	major	 and	 trace	 elements	 as	 well	 as	 isotopic	 data	 show	 that	 the	
xenoliths	with	kyanite	are	most	likely	products	of	metamorphism	of	the	gabbroic	layer	
(with	abundant	plagioclase,	hence	high	in	Al2O3)	of	oceanic	crust.		
	
Equation	of	State		
The	 first	 step	 in	 thermodynamic	 modeling	 of	 any	 reaction	 is	 the	 estimation	 of	 the	
equation	 of	 state	 of	 the	 reaction	 and	 its	 Gibbs	 free	 energy	 change.	 The	 Gibbs	 free	
energy	of	reaction	(ΔGr)	was	derived	with	the	equation:	
	
ΔGr	=	(ΔHo	+ 𝐶𝑝𝑑𝑇
𝑇!"# )	–	(TΔSo	+	 𝐶𝑝𝑇 𝑑𝑇𝑇!"# )	+ 𝑉!𝑑𝑝𝑃! 																						(Equation	6.8)	
where	T	is	temperature	in	Kelvin,	dT	is	the	difference	between	laboratory	temperature	
(298	K)	and	the	temperature	of	reaction,	P	is	the	pressure	in	bar,	dP	is	the	difference	
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between	 ambient	 laboratory	 pressure	 and	 the	 pressure	 of	 reaction;	 ΔHo	 (kJ)	 is	 the	
enthalpy	 of	 reaction,	 ΔSo	 (J/K)	 is	 the	 entropy	 of	 reaction,	 V0	(kJ	 or	 cm3/mol-1)	 is	 the	
volume	of	reaction	and	Cp	(J/mol)	 is	 the	heat	capacity	of	reaction.	The	enthalpy	and	
entropy	of	reaction	are	the	differences	between	the	enthalpies	of	formation	and	the	
entropies	 of	 the	 reaction	 products	 and	 reactants.	 The	 values	 used	 for	 enthalpies	 of	
formation,	 entropies,	 heat	 capacities	 and	 other	 thermodynamic	 properties	 of	 single	
phases	are	given	in	Table	6.5.	
	
Since	an	eclogite	oxybarometer	reaction	is	applicable	at	high-pressure	conditions,	the	
effect	of	compressibility	and	thermal	expansion	on	the	thermodynamic	properties	of	
the	 components	 in	 the	 reaction	 should	 be	 incorporated.	 Here,	 we	 employed	 the	
modified	 Tait	 Equation	 of	 state,	 which	 evaluates	 both	 thermal	 expansion	 and	
compressibility	 in	one	term	(Holland	and	Powell,	2011).	The	term	is	calculated	as	the	
PV	correction	factor	in	Excel	spreadsheets	and	multiplied	to	PV0	of	reaction:	
		
𝑉!𝑑𝑝𝑃! 	=	PV0	(1	–	a	+(𝑎((!!𝑏𝑃𝑡ℎ)!!𝑐!(!!𝑏(𝑃!𝑃𝑡ℎ))!!𝑐𝑏 𝑐!! 𝑃 )	)										(Equation	6.9)	
	
where	P	(bar)	is	the	pressure	and	V0	(kJ)	is	volume	effect	of	the	reaction;	the	rest	of	the	
reaction	 is	 the	 PV	 correction	 factor	 at	 an	 implicit	 thermal	 expansion	 at	 ambient	
pressure	 conditions;	 a,	 b	 and	 c	 are	parameters	 calculated	 from	 the	bulk	modulus	of	
phases	 and	 Pth	 is	 a	 thermal	 pressure	 term,	 which	 is	 formulated	 using	 an	 Einstein	
temperature.	See	(Holland	and	Powell,	2011)	for	meaning		of	Tait	EOS	parameters	and	
Pth	formulation.		
	
The	Gibbs	energy	of	reaction	is	derived	from	the	difference	between	Gibbs	energies	of	
the	product	and	reactant	components	of	the	redox	reactions:	
	
ΔGr	=	2*GAndr+	1/3*GAlm	+4*GCoes	-5*GHed	–	1/3*GGros	-	GO2	for	reaction	(6.4)	
(Equation	6.10)	
	
ΔGr		=	2*GAndr+	10/3*GKy	+2/3*GCoes	-2*GGros	–	4/3*GAlm	-	GO2	for	reaction	(6.6)	
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(Equation	6.11)	
	
All	 thermodynamic	 parameters	 and	 the	 calculation	 of	 the	 Gibbs	 free	 energy	 of	 the	
reaction	are	given	in	Table	6.5	
	
	
		 ∆fH	 S	 V	 		 Cp	 	(J/mol)	 		
		 kJ		 	J/K	 kJ		 a	 b(105)		 c	 d	
Almandine	 -5260.65	 342	 11.525	 0.6773	 0	 -3772.7	 -5.044	
Andradite	 -5769.08	 316.4	 13.204	 0.6386	 0	 -4955.1	 -3.9892	
Grossular	 -6642.95	 255	 12.535	 0.626	 0	 -5779.2	 -4.0029	
Hedenbergite	 -2841.92	 175	 6.795	 0.3402	 0.0812	 -1047.8	 -2.6467	
Kyanite	 -2593.02	 83.5	 4.414	 0.2794	 -0.7124	 -2055.6	 -2.2894	
Coesite	 -907.02	 39.6	 2.064	 0.1078	 -0.3279	 -190.3	 -1.0416	
Oxygen	 0.00	 205.2	 0	 0.0483	 -0.0691	 499.2	 -0.4207	
	
		 		 		 αk		 		 		
		 		 αo(105)	 k0	 k0'	 k0''	
Almandine	 Fe3Al2Si3O12	 2.12	 1900	 2.98	 -0.0016	
Andradite	 Ca3Fe2Si3O12	 2.86	 1588	 5.68	 -0.0036	
Grossular	 Ca3Al2Si3O12	 2.20	 1720	 5.53	 -0.0032	
Hedenbergite	 CaFeSi2O6	 2.38	 1192	 3.97	 -0.0033	
Kyanite	 Al2SiO5	 1.92	 1601	 4.05	 -0.0025	
Coesite	 SiO2	 1.23	 979	 4.19	 -0.0043	
Oxygen	 O2	 0	 0	 0	 0	
	
Table	 6.5.	 Thermodynamic	 properties	 of	 phases	 from	 oxybarometer	 reactions.	
(Holland	and	Powell,	2011).	∆fH	(kJ)	 is	 the	 regressed	enthalpy	of	 formation	 from	the	
elements;	S	(J/K)	is	the	entropy;	V	(kJ)	the	volume	(all	properties	at	1	bar	and	298	K);	
a,b,c,d	are	the	coefficients	in	the	heat	capacity	polynomial	Cp=a+bT+cT-2+dT-1/2;	α	and	k	
are	thermal	expansion	and	bulk	modulus;	αo	is	the	thermal	expansion	parameter;	k0	,	
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k0'	 and	 k0''	 are	 the	 bulk	modulus	 (at	 298	 K,	 1	 bar)	 and	 its	 first	 and	 second	pressure	
derivatives.		
	
The	 second	 stage	 in	 the	development	of	 this	 thermodynamic	model	 is	 calculation	of	
the	equilibrium	constant,	or	the	differences	between	the	activities	of	the	reactant	and	
product	components.	 In	both	reactions,	some	components	are	end-members	of	non-
ideal	 solid	 solutions	 (e.g.	 hedenbergite	 in	 Cpx	 and	 andradite	 in	 Grt),	 therefore	 their	
activities	are	not	equivalent	to	simple	mole	fractions.	
	
Accurate	 estimation	 of	 the	 activities	 of	 the	 components	 for	 both	 reactions	 is	 the	
principal	 part	 of	 the	 thermodynamic	 modeling	 of	 the	 oxybarometers.	 Activity-
composition	 models	 are	 fundamentally	 mixing	 models	 applied	 to	 mineral	 solid	
solutions.	Coesite	and	kyanite	are	pure	phases	in	both	reactions,	thus	an	activity	of	1	is	
used.	 The	oxybarometer	 reaction	 {Ky}	of	 garnet	 solid	 solution	and	kyanite	 is	 simpler	
than	garnet	and	omphacite	reaction	{Hed},	because	two	non-ideal	solid	solutions	are	
involved	in	the	latter.	
	
Mixing	 models	 for	 both	 garnet	 and	 clinopyroxene	 are	 non-ideal	 reciprocal	 solid	
solutions	 (Wood	and	Nichols,	 1978).	 For	 the	 simplest	 case	 in	 eclogite	 garnets,	Mg2+,	
Ca2+	 and	 Fe2+	 are	 in	 the	 dodecahedral	 position;	 Al3+	 and	 Fe3+	 are	 in	 the	 octahedral	
position.	The	amount	of	minor	elements,	such	as	Cr,	Mn	and	Ti	are	negligible	for	most	
eclogite	garnets	(Snyder	et	al.,	1997)	and	are	disregarded.	The	difference	in	sizes	of	Ca,	
Mg	and	Fe	make	mixing	non-ideal,	and	thus	the	estimation	of	the	activity	coefficient	is	
required	 in	 order	 to	 evaluate	 the	 mole	 fraction-activity	 relationship.	 Therefore,	 we	
employ	 ternary	 non-ideal	 mixing	 for	 the	 dodecahedral	 site	 and	 binary	 ideal	 mixing	
model	 for	octahedral	site.	Mixing	 in	the	octahedral	positions	estimated	as	negligible,	
as	the	amount	of	Fe3+	and	Cr	will	be	small	in	eclogite	assemblages.	We	assume	that	the	
garnet	tetrahedral	position	is	fully	occupied	by	silicon.		
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To	 derive	 the	 activities	 of	 almandine,	 grossular	 and	 andradite,	 the	 end-members	 of	
garnet	 used	 in	 eclogite	 oxybarometer	 reactions,	 we	 used	 following	 activity-
composition	terms	for	almandine,	grossular	and	andradite,	respectively:	a!"#!"# = (γFe2+XFe2+)3dodec	(XAl)2oct	(γFe3Al2Si3O12)reciprocal																																							(Equation	6.12)	a!"#$!"# = (γCaXCa)3dodec	(XAl)2oct	(γCa3Al2Si3O12)reciprocal																																											(Equation	6.13)	a!"#$!"# = (γCaXCa)3dodec	(XFe3+)2oct	(γCa3Fe2Si3O12)reciprocal																													(Equation	6.14)	
	
XFe2+	 is	 the	mole	 fraction	 of	 Fe2+	 on	 the	 dodecahedral	 site:	 XFe2+=Fe2+/(Mg+Ca+Fe2+);	
The	 mole	 fraction	 of	 Al	 in	 the	 octahedral	 position	 is	 Al/(Al+Fe3+);	 and	
XFe3+=Fe3+/(Fe3++Al).	 γFe2+	 and	 γCa	 are	 the	 activity	 coefficients	 of	 Fe2+	 and	 Ca2+	
respectively.	 Activity	 coefficients	 for	 cations	 on	 the	 dodecahedral	 position	 are	
evaluated	with	Margules	activity-composition	expressions	for	ternary	asymmetric	solid	
solution	 models	 (Cheng	 and	 Ganguly,	 1994;	 Ganguly	 et	 al.,	 1996).	 The	 last	 term,	
(γFe3Al2Si3O12)reciprocal	 for	 all	 end-members	 is	 the	 non-ideality	 term	 for	 reciprocal	 solid	
solutions.	
	
Activity-composition	models	for	end-members	of	eclogitic	garnet	solid	solutions	
Dodecahedral	site	of	garnet	solid	solution	
The	major	 cations	 for	 both	peridotite	 and	eclogite	 garnets	on	 the	dodecahedral	 site	
are	Ca2+,	Mg2+	and	Fe2+.	The	main	difference	between	peridotitic	and	eclogitic	garnets	
are	the	ranges	of	mole	fractions	of	these	cations.	Peridotitic	garnets	have	significantly	
less	 grossular	 than	 eclogitic	 garnets	 (Mikhail	et	 al.,	 2013),	 therefore	 the	 offset	 from	
ideal	mixing	on	the	dodecahedral	site	of	peridotite	garnets	is	almost	negligible	due	to	
the	 lack	of	Ca,	 and	 the	excess	energy	of	mixing	of	 the	Mg-Fe	binary	 (Ganguly	et	al.,	
1996).	The	first	oxybarometer	reaction	for	peridotite	assemblages	was	developed	with	
the	 assumption	 of	 ideal	mixing	 on	 the	 dodecahedral	 site	 (Gudmundsson	 and	Wood,	
1995).	 (Stagno	 et	 al.,	 2014)	 calculated	 the	 activity	 coefficients	 for	 the	 dodecahedral	
site	 using	 an	 asymmetric	 model	 of	 mixing	 (Ganguly	 et	 al.,	 1996)	 for	 the	 peridotite	
oxybarometer	 reaction	 based	 on	 andradite-grossular-pyrope	 ternary	 solid	 solution.	
The	calibration	of	the	following	reaction	(Stagno	et	al.,	2014)	showed	that	the	excess	
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energy	of	mixing	on	the	dodecahedral	site	should	be	taken	into	account	in	case	of	the	
presence	of	a	grossular	component	in	the	garnet	solid	solution.		
	
The	principle	of	 the	model	 to	describe	multicomponent	mixing	on	 the	dodecahedral	
site	is	based	on	“power	series	multicomponent	models”.	The	approach	is	to	introduce	
an	 appropriate	 polynomial	 function	 to	 represent	 the	 excess	 energy	 of	mixing	 of	 the	
multicomponent	solid	solution,	and	then	abbreviate	it	after	a	certain	number	of	terms,	
to	produce	special	forms	for	excess	energy	of	mixing	for	the	bounding	binaries.	In	this	
project,	 for	 garnet	 solid	 solutions	 from	 both	 eclogite	 oxybarometer	 reactions	 we	
employed	 ternary	Margules	 activity-composition	 expressions	with	 asymmetric	 terms	
for	the	dodecahedral	site.	These	were	developed	using	the	principle	that	in	a	ternary	
garnet	 solid	 solution	 the	 activity	 coefficient	 of	 any	 component	 is	 expressed	 by	 the	
modified	formulation	(Ganguly	and	Saxena,	1984)	of	Wohl’s	asymmetric	model	(Wohl,	
1953):	
RTlnγ1	=	Σj=2,3	X2j	[(W1j	+2X1(Wj1	–	W1j)]	+	X2X3{	1/2[Σj	(Wj1	+	W1j)	–	W23	–W32]	+	
																																																+	X1Σj(Wj1	–	W1j)+(X2	–	X3)(W23	–W32)	–	(1	–	2X1)C123	
(Equation	6.15)	
where	R	–	the	gas	constant;	T	–	temperature	 in	Kelvin;	γ1	–	the	activity	coefficient	of	
component	1;	j=2,3	are	second	and	third	components	of	the	ternary	of	system;	X1,	X2	
and	X3	are	the	mole	fractions	of	components	1,	2	and	3.	W1-j		and	Wj-1	are	the	binary	
Margulis	 interaction	parameters	 for	asymmetric	1-j	 join	 in	 ternary	system.	The	other	
W’s	are	the	Margulis	parameters	for	joins	presented	in	superscripted	indexes.	C123	is	a	
ternary	 constant,	 which	 accounts	 for	 the	 interactions	 within	 the	 combination	 of	
ternary	complexes	(e.g.	ijk,	iij,	iik	etc.)		
	
The	model	 employed	 to	 describe	mixing	 in	 the	 dodecahedral	 position	 is	 the	 ternary	
non-ideal	asymmetric	solid	solution.	Therefore	W12	≠	W21	due	to	the	nature	of	mixing,	
the	 excess	 energies	 produced	 by	mixing	 are	 not	 symmetrical	 on	 the	 scale	 of	 binary	
solid	solution.	Also	because	the	mixture	of	components	does	not	have	an	ideal	volume	
and	entropy	of	mixing	(the	solution	is	not	regular)	the	terms	for	P	and	T	of	interaction	
parameters	 should	 be	 implied.	 Therefore,	 the	 WG	 (Margulis	 parameter)	 can	 be	
represented	as	(Thompson,	1967):	
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WG	(P,T)	=	WH	(1	bar,	T)	–	TWS	(1	bar,	T)	+	 𝑃! WvdP																	(Equation	6.16)	
where	WH	is	enthalpic	(J/mol),	WS	is	entropic	(J/mol*K)	(both	are	related	to	the	excess	
heat	capacity	of	mixing)	and	WV	is	volumetric	(J/bar)	terms	(usually	independent	of	P).	
The	 interaction	parameters	and	 their	enthalpic	and	entropic	 terms	 for	cations	 in	 the	
dodecahedral	position	 for	Ca-Mg-Fe	garnet	 solid	 solution	are	presented	 in	 the	Table	
6.2:	
	
Parameter	
(W12G)	
W12H	
(J/mol)	
W12S	
(J/mol*K)	
W12V	
(J/bar)	
CaMg	 21627	 5.78	 0.012a	
MgCa	 9834	 5.78	 0.058a	
CaFe	 873b	 1.69b	 0c	
FeCa	 6773b	 1.69b	 0.03c	
MgFe	 2117d	 0	 0.07c	
FeMg	 695d	 0	 0c	
Table	 6.2.	 	 Binary	 subregular	 interaction	 parameters	 for	 Ca-Mg-Fe	 Garnet	 solid	
solution.	WH	is	enthalpic	(J/mol),	WS	is	entropic	(J/mol*K)	and	WV	is	volumetric	(J/bar)	
terms	 of	 the	 subregular	 free	 energy	 parameter	W12G	 on	 one-cation	 basis.	 a	 Ganguly	
1993;	b	Berman	1990;	c	Geiger	et	al.	1989;	d	Hackler	and	Wood	1989.	
	
The	 following	 properties	 and	 terms	 of	 interaction	 parameters	 are	 based	 on	
experimental	 data	 and	 calorimetric	 measurements	 and	 have	 been	 sufficiently	
calibrated	(Ganguly	et	al.,	1996).	
	
In	general	the	C123	term	for	ternary	or	quaternary	subregular	(asymmetric)	solution	can	
be	expressed	as:	
C123=1/2	(2a123	–	a112	–	a122	–	a113	–	a133	–	a223	–	a233)														(Equation	6.17)	
Where	 the	 ‘a’	 terms	 are	 related	 to	 the	 interactions	 of	 the	 subscripted	 species.	 The	
Margulis	interaction	parameters	and	following	‘a’	terms	are	in	relation:		
W12=a12	+	a112	and	W21	=	a12	+	a122																																																																				(Equation	6.18)	
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Where	 in	 case	 of	 symmetric	 solid	 solution	 a112	 =	 a122,	 therefore	W12	 =	W21.	 In	most	
cases	 researchers	 evaluate	 the	 ternary	 term	 using	 the	 modified	 equation	 based	 on	
Wohl’s	equation	principle	(Jordan	and	Gerster,	1950)	(Ganguly	and	Saxena,	1984):	
C123	≈	1/2	[(W12	–	W21)	+	(W13	–	W31)	+	(W32	–	W23)]															(Equation	6.19)	
This	 approximation	 is	 based	 on	 knowledge	 of	 the	 binary	 interactions,	 and	 the	
expression	can	be	either	positive	or	negative	depending	on	the	choice	of	components	
2	 and	 3.	 	 However,	 (Helffrich	 and	Wood,	 1989)	 showed	 that	 the	 following	 equation	
(Equation	6.19)	is	completely	ad	hoc	and	cannot	be	used	universally	for	the	estimation	
of	 the	 ternary	 term.	Thus	 the	data	 calculated	with	 the	 following	approximation	 is	 in	
massive	 discrepancy	 with	 ternary	 excess	 properties	 of	 grossular-pyrope-almandine	
garnet	 solid	 solution,	 which	 were	 evaluated	 by	 the	 analysis	 of	 natural	 and	
experimental	phase	equilibrium	data	(Berman	and	Koziol,	1991).	
	
In	 the	 special	 case	 of	 nearly	 ideal	 interaction	 of	 binary	 i-j	 in	 ternary	 asymmetric	
solution	 of	 i-j-k,	 the	 ternary	 term	 approximation	 was	 developed	 by	 (Cheng	 and	
Ganguly,	1994).	In	the	case	of	Ca-Mg-Fe	garnet	solid	solutions,	the	mixing	of	Fe2+	and	
Mg2+	on	the	dodecahedral	site	is	nearly	ideal,	with	a	small	deviation	on	the	Fe	side	of	
Fe-Mg	binary	(Ganguly	and	Saxena,	1984)	(Ganguly	et	al.,	1996).	The	approximation	of	
the	ternary	term	is	then:	
C123	≈		Σi=1,2,3[	(W12	–	W21)	X2	/(X2	+	X3)	+	(W23	–	W32)	X3	/(X2	+	X3)	]								(Equation	6.20)	
For	Ca-Mg-Fe	garnet	the	ternary	term	CCaMgFe	is	estimated	to	be	of	the	order	of	a	kJ	per	
cation-mole	of	 the	 ternary	 garnet	 solid	 solution	 (Ganguly,	 2001).	 In	 comparison,	 the	
Margules	 interaction	 parameters	 of	 the	 activity	 coefficient	 term	 (Equation	 6.15)	 are	
about	100	times	more	than	the	C123	term	(Table	6.1).	Therefore	the	ternary	term	can	
be	approximated	to	be	negligible	for	eclogite	garnets	(grossular-pyrope-almandine).	In	
this	project	 the	eclogite	garnet	activity-composition	model	 for	 the	dodecahedral	 site	
has	a	simplified	ternary	term	CCaMgFe	=	1	Joule.	
	
As	 a	 result	 of	 the	 constraint	 of	 activity-composition	model	with	 described	principles	
and	 models	 for	 Ca,	 Fe	 and	 Mg	 in	 the	 dodecahedral	 site	 we	 assessed	 the	 equation	
employed	in	our	thermodynamic	model	for	eclogite	oxybarometer	reaction.	Here	the	
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equation	employed	to	evaluate	the	activity	coefficient	of	Ca	in	the	dodecahedral	site	is	
presented	(Mg	and	Fe	have	principally	same	equations):	
		
RTlnγCa	=	X2Mg	[(WCaMg	+2XCa(WMgCa	–	WCaMg)]	+	X2Fe	[(WCaFe	+2XCa(WFeCa	–	WCaFe)]		
+	XMgXFe{	1/2[	(WMgCa	+	WCaMg	+	WFeCa	+	WCaFe)	–	WMgFe	–WFeMg]	+	XCa(WMgCa	–	
WCaMg	+	WFeCa	–	WCaFe)	+	(XMg	–	XFe)(WMgFe	–WFeMg)	–	(1	–	2XCa)}														
(Equation	6.21)	
																																																 
where	 R	 is	 universal	 gas	 constant,	 T	 is	 temperature	 in	 Kelvin,	 γCa	 is	 the	 activity	
coefficient	 of	 Ca;	 XCa,	 XMg,	 XFe	 are	 mole	 fractions	 of	 Ca2+,	 Mg2+	 and	 Fe2+	 in	 the	
dodecahedral	site	respectively.	The	W’s	are	the	Margulis	interaction	parameters	listed	
as	W12G	in	the	Table	6.2.	
	
Activity-composition	model	for	the	octahedral	site	of	garnet	solid	solution	
The	main	cations	for	the	octahedral	site	of	eclogite	garnet	are	Al	and	Fe3+.	The	amount	
of	 Cr	 in	 eclogite	 garnets	 is	 negligible	 relative	 to	 the	 large	 Cr	 content	 in	 peridotite	
garnets	(Mikhail	et	al.,	2013).	Therefore,	the	mixing	model	of	cations	in	the	octahedral	
site	is	binary	(Al-Fe3+)	and	due	to	the	small	amount	of	excess	energy	of	mixing,	can	be	
estimated	as	a	regular	solution.		
Most	existing	thermodynamic	models	for	the	mixing	on	the	octahedral	site	of	garnet	
assume	that	the	mixing	between	Al	and	Fe3+	is	ideal	(Gudmundsson	and	Wood,	1995;	
Stagno	et	al.,	2015).	Only	one	study	(Luth	et	al.,	1990)	propose	non-ideal	mixing	with	a	
symmetric	 regular	 solid	 solution	with	 a	Margulis	 Interaction	 parameter	WAl-Fe=	 3702	
J/mol.	This	value	was	determined	by	scaling	the	WAl-Cr	value	for	garnet	solid	solutions	
from	that	which	was	determined	for	spinel	(O'Neill	and	Wall,	1987)	and	assuming	the	
same	proportionality	for	WAl-Fe.	However	the	negligible	Cr	content	of	eclogite	garnets	
make	the	following	assumption	unnecessary,	because	the	extrapolation	from	ternary	
Fe3+-Al-Cr	to	binary	Fe3+-Al	assumes	the	existence	of	Cr	in	the	system.	
The	amount	of	ferric	 iron	 in	eclogite	garnet	 is	very	small,	and	therefore	the	resulting	
excess	energy	of	mixing	of	the	octahedral	site	will	be	negligible	 in	comparison	to	the	
one	of	the	dodecahedral	site.	As	a	result	we	assume	in	our	thermodynamic	model	that	
mixing	in	the	octahedral	site	is	ideal	and	ΔGmixex	=	RTlnγFe3+	=	0	(or	γFe3+	=	1).	
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The	excess	energy	of	multisite	mixing	of	reciprocal	solid	solution	
Eclogitic	 garnet	 solid	 solution	 is	 a	 classic	 example	 of	 a	 reciprocal	 solid	 solution	
(Ca,Mg,Fe2+)3dodec(Al,Fe3+)2oct(Si)3TO12		of	the	type	(A,B,C)1(X,Y)2	with	the	combination	of	
possible	components	AX,	AY,	BX,	BY,	CX,	CY.	The	mixing	of	these	components	is	almost	
always	non-ideal	and	the	contribution	to	the	activity	coefficient	of	the	component	is:		
ΔGmrecipr	=RTlnγAXrecipr	=	-XB1XY2ΔG0	
Where	 XB1	 and	 XY2	 are	 mole	 fractions	 of	 components	 B	 and	 Y	 in	 the	 1	 and	 2	 sites	
respectively;	ΔG0	is	the	free	Gibbs	energy	of	exchange	reaction	between	components	
of	the	solid	solution.		
	
For	 garnet	 solid	 solutions	 the	 contribution	of	 reciprocal	 excess	energy	 is	outlined	by	
two	reciprocal	exchange	reactions:	
Fe2+3Al2Si3O12	+	Ca3Fe3+2Si3O12	=	Fe2+3Fe3+2Si3O12	+	Ca3Al2Si3O12	
Almandine										Andradite													Skiagite																		Grossular													
(Equation	6.22)	
And	
Mg3Al2Si3O12	+	Ca3Fe3+2Si3O12	=	Mg3Fe3+2Si3O12	+	Ca3Al2Si3O12	
Pyrope														Andradite													Khoharite										Grossular																								
(Equation	6.23)	
	
	
The	ΔGoP,1373	 (kJ/mol)	at	high	temperature	(T=1373	K)	and	P	(GPa)	 is	estimated	to	be	
40.2	 –	 0.7P	 (GPa)	 (Woodland	 and	 O'Neill,	 1993).	 This	 assumes	 that	 mixing	 in	 the	
octahedral	 position	 between	 Fe3+	 and	 Al	 is	 ideal.	 (Woodland	 and	 O'Neill,	 1993)	
concluded	that	the	reaction	(6.23)	has	similar	ΔG	due	to	the	similar	 ionic	radii	of	Mg	
and	Fe2+	on	the	dodecahedral	site.		
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The	 contribution	 of	 reciprocal	 excess	 energy	 can	 be	 estimated	 with	 the	 reaction	
(Wood	and	Nicholls,	1978):	
	
RTlnγAndrrecipr=	XMg	(1	-	XFe3+)	ΔGo23		-	XFe2+	(1	-	XFe3+)	ΔGo22																	(Equation	6.24)	
where	 R	 is	 the	 gas	 constant,	 T	 is	 temperature	 in	 Kelvin,	 γAndrrecipr	 is	 the	 activity	
coefficient	of	andradite	(Ca3Fe3+2Si3O12);	XMg	and	XFe2+	are	the	mole	fractions	of	Mg	and	
Fe2+	in	the	dodecahedral	site	respectively.	ΔGo23	and	ΔGo22	are	the	free	Gibbs	energies	
of	reciprocal	exchange	reactions	(6.23)	and	(6.22)	respectively.		
The	 reciprocal	 excess	 energies	 for	 grossular	 (Ca3Al2Si3O12)	 and	 almandine	
(Fe2+3Al2Si3O12)	 can	 be	 estimated	 using	 the	 same	 principle	 and	 the	 same	 reciprocal	
exchange	reactions:		
RTlnγGrosrecipr=	-XMg	XFe3+	ΔGo23		-	XFe2+	XFe3+	ΔGo22																																		(Equation	6.25)	
RTlnγAlmrecipr=	-XMg	XFe3+	ΔGo23		+	(1-XFe2+)XFe3+	ΔGo22																												(Equation	6.26)																				
														
	
We	 therefore	 propose	 the	 following	 equation	 to	 estimate	 activity	 (constrained	 for	
andradite;	grossular	and	almandine	have	a	similar	equation):	
aAndrGrt= (γCaXCa)3dodec	(XFe3+)2oct	(γCa3Fe2Si3O12)reciprocal																													(Equation	6.27)	
or	
RTlnaAndrGrt=	Gideal	+	Gmex	+	Greciprex	
where	aAndrGrt		is	the	activity	of	andradite,	Goideal	is	the	ideal	energy	of	andradite	and	is	
equal	to	the	relation	of	mole	fractions	from	(equation	6.14),	Gmex	is	the	excess	energy	
of	 mixing	 in	 the	 dodecahedral	 site	 (equation	 6.21),	 Greciprex	 is	 the	 excess	 reciprocal	
energy	(equation	6.24).	
	
The	full	expression	of	equation	(6.14)	then:	
RTlnaAndrGrt	=	RTln	(XCa3	XFe3+2)	+	3RTlnγCadodec	+	RTlnγAndrrecipr	
or	
RTlnaAndrGrt	=	RTln	(XCa3	XFe3+2)	+	X2Mg	[(WCaMg	+2XCa(WMgCa	–	WCaMg)]	+	X2Fe	[(WCaFe	
+2XCa(WFeCa	–	WCaFe)]	 	+	XMgXFe{	1/2[	(WMgCa	+	WCaMg	+	WFeCa	+	WCaFe)	–	WMgFe	–
WFeMg]	+	XCa(WMgCa	–	WCaMg	+	WFeCa	–	WCaFe)	+	(XMg	–	XFe)(WMgFe	–WFeMg)	–	(1	–	
2XCa)}		+	XMg	(1	-	XFe3+)	ΔGo23		-	XFe2+	(1	-	XFe3+)	ΔGo22																											(Equation	6.28)																				
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All	 interaction	 parameters	 and	 the	 Gibbs	 energies	 of	 reciprocal	 reactions	 are	 well	
known	 for	 the	equation	 (6.28),	 thus	 the	accuracy	of	 the	estimation	of	 the	activity	of	
andradite	mainly	depends	on	the	accuracy	of	mole	fractions	of	the	cations.	Therefore,	
the	 accuracy	 of	 quantitative	 analysis,	 especially	 the	 determination	 of	 ferric	 iron	
content,	is	highly	influential.	Moreover,	due	to	the	naturally	low	content	of	ferric	iron	
in	eclogite	garnets	ΔGoideal	 for	aAndrGrt	will	be	a	very	 large	negative	number	since	XFe3+	
will	 be	 very	 small	 (≈0.02-0.03)	 (Table	 7.3).	 	 The	 resulting	 activity	 value	 varies	
significantly	with	small	changes	in	ferric	iron	content	in	the	garnet	solid	solution.		
Thus,	 the	 critical	 part	 of	 the	 development	 of	 eclogite	 oxybarometer	 reaction	 is	 the	
experimental	 calibration	 at	 various	 P-T	 conditions	 and	 very	 accurate	 quantitative	
analysis	with	 a	 special	 attention	 to	 estimation	of	 ferric	 iron	 content	 in	 experimental	
garnets.		
	
	
	
Activity-composition	model	for	end-members	of	eclogite	clinopyroxene	(omphacite)	
solid	solution		
	
The	 formulation	of	 the	activity-composition	model	 for	clinopyroxene	solid	solution	 is	
more	 complex	 than	 for	 the	 garnet	 solid	 solution.	 Although	 for	 the	 oxybarometer	
reaction	 (Equation	6.4)	only	 the	activity	of	hedenbergite	 component	 is	 required,	 the	
effect	 of	 other	 cations	 on	 aHedCpx	 (especially	 Na)	 is	 significant.	 The	 lack	 of	
thermodynamic	 data	 and	 experimental	 calibration	 of	 omphacite	 solid	 solution	
(Ca,Na)M2(Mg,Fe2+,Al)M1Si2O6	 requires	 thermodynamic	 constraints	 on	 the	 activity-
composition	model	for	hedenbergite	simultaneously	with	the	experimental	calibration.	
Therefore	 the	 interaction	 parameters	 and	 reciprocal	 reactions	 were	 chosen	 for	 the	
activity-composition	model	 of	 the	 hedenbergite	 component	 in	 accordance	with	 two	
reactions	based	on	the	results	of	experimental	calibration.	The	first	reaction	is	the	Fe-
Pd/Fe-Ir	 fO2	 monitor	 equilibrium	 (Equation	 7.4)	 and	 second	 reaction	 is	 the	 eclogite	
oxybarometer	reaction	based	on	the	garnet	solid	solution	and	kyanite	(Equation	6.6).	
This	 approach	 is	 necessary,	 because	 the	 many	 of	 the	 interaction	 parameters	 for	
cations	 in	 omphacite	 solid	 solutions	 are	 currently	 controversial	 (Beyer	 et	 al.,	 2015;	
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Simakov,	2008).	The	reciprocal	reactions	and	Gibbs	free	energies	 for	omphacite	solid	
solutions	 are	 not	 well	 studied,	 however	 in	 this	 project	 we	 used	 the	 estimation	 of	
reciprocal	excess	energy	proposed	by	(Simakov,	2008).	In	this	chapter	we	describe	the	
activity-composition	 model	 for	 hedenbergite,	 however	 it	 should	 be	 noted	 that	 the	
model	was	fit	to	results	of	experimental	calibration	described	in	the	following	chapter.	
	
Eclogite	 clinopyroxene	 solid	 solution	 in	general	 terms	 (Mukhopadhyay,	1991)	 can	be	
considered	as:	
(Ca,Na,Mg,Fe2+,☐ )M2(Fe2+,Fe3+,Mg,Al)M1(Si,Al)2IVO6																						(Equation	6.29)	
Where	all	cations	are	in	a.p.f.u	and	normalized	to	the	total	of	4	cations.	AlIV	=	2-Si	and	
the	remaining	Al	is	assigned	to	M1	site.	The	rest	of	M1	is	filled	with	Fe	and	Mg	or	(Fe	+	
Mg)M1	=	1-AlIV.	☐	-	is	the	vacancy	in	M2	site	(Ca-Eskola	component	=	Al	–	2AlIV	-	Na).		
	
In	high-pressure	conditions	(above	15	kbar)	the	Ca-Tschermaks	component	should	be	
considered.	 The	 amount	 of	 Ca-Tschermaks	 component	 correlates	 with	 increasing	
pressure,	which	enabled	(Beyer	et	al.,	2015)	to	develop	a	barometer	for	eclogites.	 In	
most	 cases,	 almost	 all	 Fe2+	 is	 assigned	 to	 the	 M1	 site	 (Fe2+)M2	 <0.023	 due	 to	 low	
concentration	 of	 Fe	 in	 eclogite	 garnets	 (Beyer	et	 al.,	 2015).	 In	 order	 to	 simplify	 this	
model,	all	Fe	is	in	the	M1	site	and	should	be	considered	as	Fe2+	or	just	Fe.	The	amount	
of	Ca-Eskola	is	negligible	for	eclogite	clinopyroxene	(Simakov,	2008),	and	therefore	the	
vacancy	 in	 the	 M2	 site	 is	 not	 considered.	 In	 summary,	 the	 multisite	 solid	 solution	
model	we	propose	in	our	model:	
(Ca,Na,Mg)M2(Fe,Mg,Al)M1(Si,Al)2IVO6																																											(Equation	6.30)	
Where	all	cations	in	are	a.p.f.u	and	normalized	to	the	total	of	4	cations.	MgM1=	1	-	AlM1	
-	 FeM1	 and	 MgM2=Mgtotal	 -	 MgM1.	 All	 Ca,	 Na	 cations	 are	 in	 the	 M2	 site	 and	 all	 Fe	
occupies	M1	site.	Al	distribution	remains	the	same.	The	resulting	composition	can	be	
referred	as	omphacite.		
	
For	 the	 clinopyroxene	 solid	 solution	 a	 reciprocal	 solid	 solution	 model	 with	 ternary	
asymmetric	 mixing	 in	 the	 M1	 and	 M2	 sites	 has	 been	 developed.	 Mixing	 on	 the	
tetrahedral	site	(IV)	 is	assumed	to	be	regular	and	the	Margulis	 interaction	parameter	
WAlSi	 equals	 7	 kJ/mol	 (Beyer	 et	 al.,	 2015).	 The	 eclogite	 oxybarometer	 reaction	
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(Equation	6.4)	requires	the	activity	of	the	hedenbergite	end-member	(Equation	6.5)	to	
estimate	 the	 oxygen	 fugacity.	 Hedenbergite	 (CaM2FeM1Si2IVO6)	 has	 the	 following	
relation	for	its	activity	(aHedCpx	)	calculation:	
	
aHedCpx= (γCaXCa)M2	(γFeXFe)M1((γSiXSi)IV)2	(γCaFeSi2O6)reciprocal																		(Equation	6.31)	
where	γCa,	γFe,	γSi	are	the	activity	coefficients,	(γCaFeSi2O6)reciprocal	is	the	term	for	reciprocal	
excess	 energy,	 XCa,	 XFe,	 XSi	 are	 mole	 fractions	 of	 Ca,	 Fe,	 Si,	 respectively.	 Note	 that	
XCa=Ca/(Ca+Na+Mg)M2,	 XFe=Fe/(Fe+Mg+Al)M1	 and	 XSi=Si/(Si+Al)IV;	 all	 elements	 are	
cations	in	a.p.f.u.	
	
Equation	(31)	can	be	given	in	terms	of	energies:	
RTlnaHedCpx	=	RTln	(XCa	XFe	XSi	XSi)	+	RTlnγCaM2	+	RTlnγFeM1	+	RTlnγHedrecipr							
(Equation	6.32)	
where	the	first	term	in	the	right	side	of	the	equation	is	the	ideal	energy	of	mixing	Gideal,	
the	next	three	terms	are	the	excess	energies	of	mixing,	Gmex,	and	the	last	is	the	excess	
energy	of	reciprocal	interaction.	
	
The	 ideal	 energy	 of	 mixing	 is	 derived	 from	 the	 clinopyroxene	 composition,	 but	 the	
excess	 energies	 require	 appropriate	 mixing	 models	 with	 empirical	 thermodynamic	
properties	(Margulis	interaction	parameters).	To	describe	the	interaction	of	cations	in	
the	M2	site	we	employed	ternary	asymmetric	mixing	model	(Equation	6.15)	and	as	a	
result	the	activity	coefficient	of	Ca	can	be	derived	by:	
	
RTlnγCaM2	=	 X2Mg	[(WCaMg	+2XCa(WMgCa	–	WCaMg)]	 +	 X2Na	[(WCaNa	+2XCa(WNaCa	–	WCaNa)]	 	 +	
XMgXNa{	1/2[	(WMgCa	+	WCaMg	+	WNaCa	+	WCaNa)	–	WMgNa	–WNaMg]	+	XCa(WMgCa	–	WCaMg	+	
WNaCa	–	WCaNa)	+	(XMg	–	XNa)(WMgNa	–WNaMg)	–	(1	–	2XCa)C123}																					(Equation	6.33)	
	
where	 R	 is	 the	 gas	 constant,	 T	 is	 temperature	 in	 Kelvin,	 and	 γCaM2	 is	 the	 activity	
coefficient	of	Ca	in	the	site	M2.	XMg,	XCa,	XNa	are	the	mole	fractions	of	Mg,	Ca	and	Na	
respectively.	WCaMg	 is	 the	Margulis	 interaction	 parameter	 for	 asymmetric	 binary	 Ca-
Mg,	 this	 and	other	 interaction	parameters	 are	 given	 in	 Table	 6.3.	 C123	 is	 the	 ternary	
interaction	term.	
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The	mixing	of	any	pair	of	cations	in	the	M2	site	(Ca-Mg-Na)	is	non-ideal	and	produces	a	
finite	amount	of	excess	energy.	The	value	of	C123	for	the	clinopyroxene	solid	solution	is	
expected	to	be	up	to	10-12	kJ	per	cation	mole	(Table	7.4).	Therefore	the	evaluation	of	
the	 ternary	 term	 is	 very	 important	particularly	 for	activity-composition	model	of	 the	
M2	 site	 of	 hedenbergite	 end-member.	 The	 ternary	 term	 is	 estimated	 using	 the	
equation	(Equation	6.20).		
	
Parameter	
(W12G)	
W12H	
(J/mol)	
W12S	
(J/mol*K)	
W12V	
(J/kbar)	
CaMg	 31126	 0	 -6.1a	
MgCa	 25484	 0	 8.12a	
CaNa	 31120	 0	 0b	
NaCa	 16707	 0	 0b	
MgNa	 -24000	 0	 0c	
NaMg	 -24000	 0	 0c	
	
Table	6.3.	The	values	of	Margulis	interaction	parameters	for	Ca-Mg-Na	in	the	M2	site	
of	clinopyroxene	solid	solution.	WH	 is	enthalpic	 (J/mol),	WS	 is	entropic	 (J/mol*K)	and	
WV	is	volumetric	(J/kbar)	terms	of	the	subregular	free	energy	parameter	W12G	on	one-
cation	basis.	 aLindsley,	1981	 (D	et	al.,	1981);	 bMukhopadhyay,	1991	 (Mukhopadhyay,	
1991);	cSimakov,	2005	(Simakov,	2005)	
	
We	used	the	same	ternary	asymmetric	model	to	estimate	excess	energy	of	mixing	of	
Fe	in	the	M1	site	(Fe,Mg	and	Al)	in	order	to	evaluate	the	activity	of	hedenbergite.	All	
Fe	in	the	following	model	is	assumed	to	be	ferrous,	the	interaction	parameters	of	ferric	
iron	Mg	and	Al	are	currently	not	well	known.	(Beyer	et	al.,	2015)	showed	that	if	all	Fe	is	
ferrous,	it	can	have	a	minor	effect	on	the	Ca	and	Mg	mole	fractions	in	the	M2	site	due	
to	stoichiometry	distribution.	The	uncertainty	 in	excess	energy	of	mixing	of	Fe	 in	the	
M1	 site	 was	 very	 low	 even	 for	 Cpx	 with	 relatively	 high	 values	 of	 ferric	 iron	
(Fe3+/ΣFe=0.19).	 Therefore	 all	 iron	 in	 this	 model	 and	 in	 the	 clinopyroxene	
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compositions,	to	which	it	is	applied,	should	be	assumed	to	be	ferrous.	To	estimate	the	
activity	coefficient	of	Fe	we	used	the	following	equation:	
	
RTlnγFeM1	 =	 X2Mg	 [(WFeMg	 +2XFe(WMgFe	 –	 WFeMg)]	 +	 X2Al	 [(WFeAl	 +2XFe(WAlFe	 –	 WFeAl)]	 	 +	
XMgXAl{	1/2[	(WMgFe	+	WFeMg	+	WAlFe	+	WFeAl)	–	WMgAl	–WAlMg]	+	XFe(WMgFe	–	WFeMg	+	WAlFe	
–	WFeAl)	+	(XMg	–	XAl)(WMgAl	–WAlMg)	–	(1	–	2XFe)C123}																																		(Equation	6.34)																										
where	 R	 is	 the	 gas	 constant,	 T	 is	 temperature	 in	 Kelvin,	 and	 γFeM1	 is	 the	 activity	
coefficient	of	Ca	 in	 the	 site	M1.	XMg,	XAl,	XFe	are	 the	mole	 fractions	of	Mg,	Al	and	Fe	
respectively.	WFeMg		is	the	Margulis	interaction	parameter	for	assymetric	binary	Fe-Mg,	
this	 and	 other	 interaction	 parameters	 are	 given	 in	 Table	 6.4.	 C123	 is	 the	 ternary	
interaction	term,	estimated	with	the	equation	(Equation	6.20).	
	
Parameter	
(W12G)	
W12H	
(J/mol)	
W12S	
(J/mol*K)	
W12V	
(J/kbar)	
MgFe	 3978	 0	 0a	
FeMg	 3978	 0	 0a	
MgAl	 -16000	 -9.65	 0b,c	
AlMg	 135200	 69.6	 0c	
FeAl	 -16000	 -9.65	 0b,c	
AlFe	 135200	 69.6	 0c	
	
Table	6.4.	The	values	of	Margulis	interaction	parameters	for	Mg-Fe-Al	in	the	M2	site	of	
clinopyroxene	solid	solution.	WH	is	enthalpic	(J/mol),	WS	is	entropic	(J/mol*K)	and	WV	
is	volumetric	 (J/kbar),	 these	are	terms	of	the	subregular	 free	energy	parameter	W12G	
on	 one-cation	 basis.	 aMukhopadhyay,	 1991	 (Mukhopadhyay,	 1991);	 bGalkin	 &	
Kuznetsov,	2000		cSimakov,	2008	(Simakov,	2008)	
	
The	last	part	of	equation	(6.32)	is	the	excess	energy	reciprocal	reactions.	The	effect	of	
multisite	 interaction	 should	 be	 included	 for	 Cpx	 solid	 solution	 (Holland,	 1990;	
Mukhopadhyay,	 1991).	 We	 used	 following	 reactions	 between	 end-members	 of	
clinopyroxene,	used	by	(Simakov,	2008)	for	omphacite-diopside	clinopyroxene:	
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CaAlAlSiO6	+	NaMgSi2O6	=	NaAlAlSiO6	+	CaMgSi2O6												(Equation	6.34)	
CaAlAlSiO6	+	MgMgSi2O6	=	MgAlAlSiO6		+	CaMgSi2O6										(Equation	6.35)	
CaFeSi2O6	+	NaMgSi2O6	=NaFeSi2O6	+	CaMgSi2O6																(Equation	6.36)	
CaFeSi2O6	+	MgMgSi2O6	=	MgFeSi2O6	+	CaMgSi2O6																(Equation	6.37)	
The	 free	 Gibbs	 energies	 of	 the	 reactions	 are	 (Holland,	 1990;	Mukhopadhyay,	 1991;	
Simakov,	2008):	ΔG34=-26	kJ/mol;	ΔG35=-0.3	kJ/mol;	ΔG36=-1	kJ/mol;	ΔG37=-5kJ/mol.	
	
The	reciprocal	activity	of	hedenbergite	is	estimated	according	to	the	equation	for	Ca-
Tschermak	 end-member	 developed	 by	 Simakov,	 2008,	 based	 on	 the	 principle	 of	
reciprocal	solid	solutions	(Wood	and	Nicholls,	1978):	
	
RTlnγHed=	(1	–	XFeM1)(XNaM2	ΔG34	+	XMgM2	ΔG35)	-	XMgM1(XNaM2	ΔG36	+	XMgM2	ΔG37)	
(Equation	6.38)	
	
The	 reciprocal	activity	 (Equation	6.38)	combined	with	excess	energy	of	mixing	 in	 the	
positions	M1	(Equation	6.34)	and	M2	(Equation	6.33)	and	ideal	energy	of	hedenbergite	
component	allow	estimation	of	the	activity	of	hedenbergite	in	the	clinopyroxene	solid	
solution	(Equation	6.32).	
	
Both	 kyanite	 and	hedenbergite-based	oxybarometer	 reactions	have	well	 constrained	
equations	of	state	and	free	Gibbs	energies.	The	activities	of	garnet	solid	solution	end-
members	 (grossular,	 almandine,	 andradite)	 are	 the	 basis	 of	 both	 reactions.	 The	
activity-composition	 models	 for	 all	 end-members	 of	 garnet	 are	 valid	 and	 based	 on	
previously	 tested	 models.	 The	 clinopyroxene	 activity-composition	 is	 complex	 and	
requires	simultaneous	calibration	with	the	development	of	the	model.	The	principle	of	
the	 calibration	 is	 to	 cross-check	 with	 the	 kyanite	 oxybarometer	 reaction	 and	
experimental	calibration	with	the	results	of	fO2	monitoring	by	noble	metal-based	fO2		
sensors.	
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Both	 oxybarometer	 reactions	 depend	 on	 the	 accuracy	 of	 estimation	 of	 activities	 of	
garnet	and	clinopyroxene	end-members.	Thus,	the	high	precision	analysis	of	ferric	iron	
content	in	garnets	is	a	critical	part	of	the	current	model.	
	
Discussion	
	
According	to	reactions	{Hed}	and	{Ky}	the	uncertainty	of	the	oxybarometer	will	depend	
on	 the	 uncertainties	 of	 the	 free	 Gibbs	 energies	 of	 reactions	 and	 the	 activities	 of	 all	
components.	The	Gibbs	 free	energies	of	 the	reactions	all	 involve	the	thermodynamic	
properties	of	 garnet	 end-members;	 hedenbergite,	 kyanite,	 coesite	 and	O2,	 these	 are	
well	 constrained	 (Holland	and	Powell,	 2011).	 The	use	of	 the	 following	oxybarometer	
reactions	 are	 mainly	 applied	 to	 conditions	 in	 the	 Earth’s	 mantle	 (high	 P	 and	 T)	 is	
incorporated	in	the	thermal	pressure	term	(Pth	in	Equation	6.9).	Overall	the	free	Gibbs	
energy	term	of	reactions	are	not	likely	to	be	a	source	of	significant	uncertainty	in	the	
resulting	log	fO2	value.	
	
Both	 oxybarometer	 reactions	 with	 kyanite	 and	 hedenbergite	 (reactions	 6.6	 and	 6.4	
respectively)	 depend	 highly	 on	 the	 activities	 of	 almandine,	 grossular	 and	 especially	
andradite.	The	activity-composition	model	 for	 the	garnet	end-members	 is	specifically	
designed	for	eclogitic	garnets.	The	high	Ca	content	 in	these	garnets	makes	mixing	on	
the	 dodecahedral	 site	 (mainly	 Ca-Fe-Mg	 cations	 for	 eclogite	 garnets)	 far	 from	 ideal,	
therefore,	the	mixing	on	this	site	must	be	considered	asymmetric.	 If	binary	mixing	of	
Mg-Fe	is	almost	ideal,	both	binaries	Ca-Fe	and	Ca-Mg	produce	large	amounts	of	excess	
energy	 (Berman	 and	 Koziol,	 1991;	 Ganguly	 et	 al.,	 1996;	 Koziol	 and	 Newton,	 1989).	
Equation	(6.15)	describes	the	ternary	asymmetric	mixing	and	the	interaction	Margulis	
parameters	 for	 this	 (Table	 6.2)	 are	 well	 constrained,	 and	 were	 successfully	 used	 in	
earlier	oxybarometer	and	geothermometer	 reactions	 (Ganguly	et	al.,	 1996;	 Simakov,	
2008;	Stagno	et	al.,	2014).		
	
Mixing	on	the	octahedral	site	(Al-Fe3+)	is	considered	ideal.	The	excess	energy	of	mixing	
on	 this	 site	 is	 very	 low,	 due	 predominantly	 to	 the	 small	 amounts	 of	 ferric	 iron.	
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Therefore,	 in	 order	 to	 simplify	 the	 thermodynamic	 model	 of	 the	 reaction,	 most	
investigators	 assume	 ideal	 mixing	 between	 Al	 and	 Fe3+	 on	 the	 octahedral	 site.	
(Gudmundsson	and	Wood,	1995;	Stagno	et	al.,	2015).			
	
The	 contribution	 of	 reciprocal	 excess	 energy	 of	 mixing	 in	 the	 activity-composition	
model	 for	 garnet	end-members	 is	defined	by	exchange	 reactions	described	by	many	
researchers	 (Gudmundsson	 and	 Wood,	 1995;	 Stagno	 et	 al.,	 2014;	 Woodland	 and	
O'Neill,	 1995).	 The	 value	 of	 the	 reciprocal	 excess	 energy	 of	mixing	 is	 significant	 and	
must	be	considered	in	any	garnet	end-member	activity-composition	model.		
	
Overall	 the	 activity-composition	model	of	 almandine,	 grossular	 and	andradite	 in	 this	
project	 is	 constrained	 with	 existing	 thermodynamic	 data	 and	 published	
thermodynamic	models	of	garnet	solid	solutions.	Therefore	the	estimation	of	activities	
of	the	following	garnet	end-members	can	be	considered	as	quite	accurate.		
	
The	oxybarometer	reaction	with	kyanite	{Ky}	depends	only	on	the	activity	of	andradite.	
In	case	of	accurate	estimation	of	ferric	iron	in	garnets,	this	reaction	was	employed	as	
cross-check	 for	 the	 hedenbergite	 oxybarometer	 reaction,	 which	 depends	 on	 garnet	
activity-composition	model	and	also	hedenbergite	activity.	The	cross-check	will	allow	
us	to	validate	the	activity-composition	model	of	omphacite	(clinopyroxene).	
	
Existing	literature	data	on	the	activity-composition	model	of	omphacite	is	very	limited	
(Beyer	 et	 al.,	 2015;	 Holland,	 1990;	 Simakov,	 2005;	 2008;	 Stagno	 et	 al.,	 2015).	 The	
ternary	asymmetric	mixing	of	cations	in	the	M1	site	(Mg-Fe-Al)	was	thermodynamically	
constrained	and	experimentally	calibrated	in	(Mukhopadhyay,	1991),	although	mixing	
of	Na-Ca-Mg	on	the	M2	site	is	currently	under	discussion.	Here,	mixing	on	the	M2	site	
is	described	as	ternary	asymmetric,	and	interaction	parameters	for	the	Ca-Na	and	Ca-
Mg	 binaries	 were	 obtained	 from	 experimental	 works	 of	 (Lindsley	 et	 al.,	 1981;	
Mukhopadhyay,	 1991).	 For	 omphacites	 the	Mg–Na	 parameter	 contributes	 the	main	
part	of	the	excess	energy	for	the	M2	site	and	the	Margulis	interaction	parameters	for	
Na-Mg	binary	are	not	very	well	known.	Currently	this	parameter	is	under	discussion	in	
the	 literature	 and	 varies	 from	 35.37	 kJ/mol	 (for	 thermometers)	 to	 −24	 kJ/mol	 (for	
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barometers)	 (Simakov,	 2008).	 In	 our	 model	 we	 used	 parameters	 proposed	 by	
(Simakov,	2005)	(Table	6.4).		
	
The	 excess	 energy	 of	 binaries	 Ca-Na	 and	Na-Mg	 are	 significant	 (Simakov,	 2008)	 and	
must	 be	 included	 in	 the	 thermodynamic	 model	 of	 highly	 sodic	 (omphacitic)	
clinopyroxene.	The	activity-composition	model	for	hedenbergite	proposed	by	(Stagno	
et	al.,	2015)	does	not	include	the	excess	energy	of	mixing	in	the	M2	site	(Ca-Na-Mg)	at	
all,	 since	all	 interaction	Margulis	parameters	were	 set	 to	 zero	except	WFeAl	 set	 to	35	
kJ/mol.	 The	 parameters	 were	 experimentally	 calibrated	 to	 the	 values	 of	 logfO2	
monitored	by	Ir-Fe	fO2	sensors.	The	fitting	of	their	model	is	questioned	due	to	the	low	
Fe	concentrations	and	hence	low	accuracy	of	Fe	measurements	in	Fe-Ir	alloys	(details	
in	Chapter	3).		
	
The	 thermodynamic	 model	 of	 activity-composition	 relation	 of	 hedenbergite	 in	 this	
project	is	suitable	for	omphacite	clinopyroxene.	The	variation	of	ferric	 iron	in	the	M1	
site	 can	 potentially	 increase	 the	 uncertainty	 of	 the	 resulting	 hedenbergite	 activity.	
Although	 for	 this	model	we	assumed	all	 iron	 is	 ferrous,	 and	 therefore	all	 iron	 in	 the	
applied	model	to	clinopyroxene	is	assumed	to	be	Fe2+	as	well.		
The	 developed	 model	 for	 omphacitic	 clinopyroxene	 in	 the	 oxybarometer	 reaction	
{Hed}	 is	 tested	 simultaneously	 with	 experimental	 calibration	 with	 the	 values	 of	 fO2	
monitored	 by	 Fe-Pd	 fO2	 sensor	 (Chapter	 3).	 The	 Fe-Pd	 sensor	 is	 more	 sensitive	 at	
relatively	 high	 values	of	 fO2	than	 the	 Fe-Ir	 sensor,	 and	estimates	 the	 fO2	with	higher	
accuracy.	 Additionally	 the	model	 was	 cross-checked	 with	 the	 kyanite	 oxybarometer	
reaction	 (Equation	 7.4),	 which	 has	 no	 dependence	 on	 hedenbergite	 activity	 but	 the	
same	 thermodynamic	 model	 for	 the	 activities	 of	 garnet	 end-members	 as	 {Hed}	
reaction.			
	
Even	if	both	reactions	{Hed}	and	{Ky}	are	well	constrained	the	dependence	of	activity	
of	garnet	end-members,	especially	andradite,	are	highly	reliant	on	the	uncertainty	 in	
the	garnet	composition	estimation.	Thus	the	high	precision	and	very	accurate	analysis	
of	garnet	composition	and	ferric	iron	content	in	garnets	are	critical	for	fO2	evaluation	
using	these	oxybarometer	reactions.		
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Conclusions	
	
Two	 oxybarometer	 reactions	 {Hed}	 and	 {Ky}	 are	 thermodynamically	 developed	 to	
estimate	 the	 oxygen	 fugacity	 in	 the	 eclogite	 assemblages.	 The	 hedenbergite-based	
reaction	 {Hed}	can	be	applied	 to	a	wide	 range	of	eclogite	compositions,	 the	kyanite-
based	reaction	{Ky}	 is	applicable	only	to	the	kyanite-bearing	high	pressure	rocks	(e.g.	
some	eclogites,	metapelites).	
	
The	development	of	models	required	extensive	revision	and	construction	the	equation	
of	 states	 of	 reactions	 and	 activity-composition	models	 for	 garnet	 and	 clinopyroxene	
end-members.	Ternary	systems	for	dodecahedral	(Ca-Fe-Mg)	and	binary	for	octahedral	
(Al-Fe3+)	sites	explains	the	most	of	variation	of	eclogite	garnet	composition.	The	non-
ideal	mixing	in	the	dodecahedral	site	(predominantly	because	of	Ca)	was	implied	in	the	
model	as	non-ideal	asymmetric	mixing	was	revised	for	the	following	site.		
	
The	 thermodynamic	model	 for	 the	 clinopyroxene	 solid	 solution	was	 focused	 on	 the	
activity-composition	 relation	 of	 hedenbergite.	 The	 existing	 models	 for	 the	
hedenbergite	 activity	 are	 not	 designed	 for	 the	 highly	 jadeitic	 (omphacitic)	
clinopyroxene.	 In	 our	model	we	 propose	 ternary	 asymmetric	mixing	 on	 the	M2	 site	
(Ca-Mg-Na)	 and	 include	 in	 the	 equation	 the	 effect	 of	 large	 amount	 of	 Na	 on	
hedenbergite	activity.	
		
High-temperature	 and	 high-pressure	 experiments	 are	 required	 to	 calibrate	 both	
oxybarometer	 reaction	models.	 The	 presence	 of	 noble	metal-based	 oxygen	 fugacity	
monitors	in	the	experimental	system	is	the	key	factor	of	calibration.	The	Fe-Pd	and	Fe-
Ir	 fO2	 sensors	 are	 employed	 to	 crosscheck	 the	 values	 of	 fO2	 estimated	 by	 both	
reactions.			
	
		
Chapter	7.	Experimental	calibration	of	oxybarometer	reactions	
	
Introduction	
	
A	 series	 of	 piston-cylinder	 experiments	 were	 performed	 with	 carbonate-bearing	
eclogites	 in	 the	presence	of	 Fe-Pd	and/or	 Fe-Ir	 alloy	 fO2	 sensors	 (Schwerdtfeger	and	
Zwell,	1968;	Woodland	and	O'Neill,	 1993).	The	conditions	of	 the	experimental	 series	
were	P=30-60	kbar	and	T=900-1200	oC.	The	majority	of	experiments	were	conducted	
at	 near-solidus	 or	 below	 solidus	 conditions	 in	 the	 stability	 field	 of	 carbonate	 solid	
solution	 (P=35	 kbar	 and	 T=900-1000	 oC)	 (Chapter	 2	 and	 Table	 2.2).	 In	 relation	 to	
investigation	 of	 the	 DCDD/G	 reaction	 (Luth,	 1993)	 all	 carbonate-bearing	 eclogite	
experiments	were	conducted	in	graphite	capsules,	in	order	to	provide	the	stable	phase	
C0	 in	 the	DCCD/G	reaction.	Another	 significant	 feature	of	 the	experimental	assembly	
design	is	the	inclusion	of	a	garnet	layer	with	large	crystals	(minimum	of	50	microns	of	
clear	 polished	 area)	 for	 XANES	 analysis	 of	 ferric	 iron	 content	 in	 garnet.	 Variation	 in	
bulk	 composition	 in	 the	 experimental	 series	 was	 produced	 by	 including	 different	
proportions	 and	 compositions	 in	 the	 carbonate	 component	 of	 the	 starting	mix.	 The	
change	 of	 composition	 and	 proportion	 of	 carbonates	 in	 the	 staring	 mix	 (Table	 2.1)	
ranges	from	10%	of	dolomite	to	15%	of	calcite.	The	addition	of	K2CO3	to	the	starting	
experimental	mix	was	attempted	 to	 improve	equilibrium	between	phases	during	 the	
experiment.	The	process	of	chemical	reaction	between	the	pre-synthesized	garnets	in	
the	 garnet	 layer	 and	 the	 rest	 of	 the	 experimental	 mixture	 (Figure	 2.2)	 is	 very	 slow	
under	 subsolidus	 and	 at	 near	 solidus	 experimental	 conditions.	 Therefore	 a	
comparatively	large	amount	of	carbonate	was	included	in	the	starting	mix	as	a	molten	
“flux”	 to	 promote	 a	 close	 approach	 to	 equilibrium	 between	 all	 phases	 in	 the	
experimental	sample.	
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In	 chapter	 6	 we	 introduced	 the	 eclogite	 oxybarometer	 reactions	 and	 described	 the	
thermodynamic	 constraints	 on	 the	 kyanite	 {ky}	 and	 hedenbergite-based	 {hed}	
reactions	 (Reactions	 6.4	 and	 6.6).	 Both	 reactions	 require	 experimental	 calibration	
using	 the	 results	 from	 the	 in	 situ	 fO2	 monitoring,	 i.e.	 the	 Fe-Pd	 and	 Fe-Ir	 alloy	 fO2	
sensor.	The	most	significant	parts	of	the	thermodynamic	models	for	both	reactions	are	
the	activity	–	composition	relations	of	the	garnet	and	clinopyroxene.	The	composition	
of	garnet	or	mole	fractions	of	grossular,	andradite	and	almandine	are	evaluated	from	
major	elemental	analysis	(microprobe	and	SEM)	and	the	Fe3+/ΣFe	ratio	determined	by	
the	“flank”	method.	The	mole	fraction	of	hedenbergite	in	experimental	clinopyroxene	
is	 based	 on	 SEM	 and	 microprobe	 analyses,	 and	 the	 cation	 distribution	 principle	 of	
experimental	 omphacite	 is	 described	 in	 previous	 chapter.	 The	 activities	 of	 all	
components	 in	 both	 oxybarometer	 reactions	 {Hed}	 and	 {Ky}	 are	 calculated	with	 the	
thermodynamic	models	and	equations	described	in	Chapter	6.	
	
In	this	chapter	we	present	calculation	results	of	activities	of	experimental	garnet	end-
members	 and	 hedenbergite.	 The	 results	 of	 measurements	 of	 Fe	 in	 Fe-Ir	 and	 Fe-Pd	
alloys	and	estimation	of	experimental	oxygen	fugacity	using	the	principle	described	in	
Chapter	 3.	 The	 monitored	 fO2	 is	 used	 to	 calibrate	 thermodynamic	 models	 of	 both	
eclogite	 oxybarometer	 reactions.	 The	 hedenbergite-reaction	 [hed]	 is	 calibrated	 with	
results	of	all	experimental	runs,	but	kyanite-based	[ky]	reaction	is	tested	by	reactions	
with	stable	kyanite.	The	significant	energy	contribution	of	kyanite	into	the	resulting	the	
free	Gibbs	energy	of	the	oxybarometer	reaction	(Reactions	6.6)	requires	stable	kyanite	
in	experimental	products	used	for	calibration.	Therefore	it	is	important	to	describe	the	
phase	composition	of	experimental	runs.	
	
Experimental	phase	compositions	and	the	applicability	of	oxybarometer	
reactions	
	
Garnet	and	clinopyroxene	were	present	in	each	experimental	run	product	(Table	2.2	in	
Chapter	2).	Coesite	was	detected	in	all	experiments,	except	one	using	EA1+15%CaCO3	
at	 T=1200oC	 and	 P=35	 kbar.	 Kyanite	 was	 present	 in	 near-solidus	 or	 below	 solidus	
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experiments	in	equilibrium	with	carbonate	mineral	solid	solution.	In	the	experimental	
series	using	EA1+10%Dolomite	and	EA1+15%Calcite,	kyanite	was	stable	up	to	1000	oC,	
but	 it	 was	 not	 detected	 in	 the	 experimental	 series	 that	 included	 K2CO3.	 Instead	
feldspar	was	present	in	this	experimental	series.	Experimental	run	products	at	60	kbar	
included	coesite	and	corundum,	consistent	with	decomposition	of	kyanite:	
Al2SiO5	=	Al2O3	+	SiO2																																														(Reaction	7.1)	
The	 decomposition	 of	 kyanite	 to	 corundum	 and	 silica	 (SiO2)	 (Reaction	 7.1)	 was	
described	 at	 low	 pressures	 with	 stable	 quartz	 (Harlov	 and	 Newton,	 1993)	 and	 at	
significantly	 higher	 pressures	 (above	 10	 GPa)	 with	 stishovite	 (Schmidt	 et	 al.,	 1997).	
Both	 studies	 suggested	 the	 Gibbs	 free	 energy	 of	 decomposition	 reaction	 to	 be	 in	 a	
range	 of	 a	 few	 kilojoules.	 In	 fact	 the	 decomposition	 reaction	 (Reaction	 6.1)	 in	 the	
stability	range	of	coesite	(P=30-70	kbar	and	T>800	oC)	has	similar	Gibbs	free	energy	of	
reaction	 (Table	 7.1).	 Therefore	 the	 stability	 of	 coesite	 and	 corundum	 at	 P=60	 kbar	
experiments	 can	be	 assumed	as	 the	presence	of	 kyanite	 in	 experimental	 run	due	 to	
low	values	of	the	∆Gr	of	decomposition	reaction.		
	
	
∆fH0	
kJ	
S0	
J/K	
V0	
kJ	
Gf0	
kJ	
PVCor		
Kbar-1	
Gf(P,T)-Gf(1,T)	
kJ	
Gf	
kJ	
Corundum	 -1675.33	 50.90	 2.56	 -1831.27	 1.02	 91.08	 -1740.19	
Coesite	 -907.02	 39.60	 2.06	 -1008.30	 1.00	 72.03	 -936.26	
Kyanite	 -2593.02	 83.50	 4.41	 -2841.36	 1.01	 156.71	 -2684.65	
	 	 	 	 							∆Gr	(P=35	kbar	and	T=1273K)	 8.19	
	
Table	7.1.	Thermodynamic	properties	of	phases	and	the	free	Gibbs	energy	of	kyanite	
decomposition	 reaction	 at	 P=35	 kbar	 and	 T=1273	 K	 (HOLLAND	 and	 POWELL,	 2011).	
∆fH0	(kJ)	is	the	standard	enthalpy	of	formation;	S0	(J/K)	is	the	standard	entropy;	V0	(kJ)	
the	standard	volume	 (all	properties	at	1	bar	and	298	K);	Gf0	 (kJ)	 is	 the	standard	 free	
Gibbs	 energy	 of	 formation,	 PVcorr	 (Kbar-1)	 is	 the	 pressure	 and	 thermal	 expansion	
correction	 factor;	Gf(P,T)-Gf(1,T)	 (kJ)	 is	 the	difference	between	the	standard	pressure	
energy	of	 formation	and	at	the	given	pressure	one	(P=35	Kbar	 in	this	case);	Gf	 (kJ)	 is	
the	Gibbs	free	energy	of	formation	of	the	phase	at	the	given	PT	conditions;	∆Gr	(kJ)	is	
the	free	Gibbs	energy	of	reaction.		
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At	experimental	temperatures	between	900	and	1100	oC	and	a	starting	composition	of	
EA1+10%Dolomite	 and	 EA1+15%Calcite,	 both	 oxybarometer	 reactions	 (Reaction	 6.4	
and	6.6)	can	be	calibrated	using	the	results	of	the	experiments	and	crosschecked	with	
noble	metal	alloy	fO2	sensors.	The	results	of	rest	of	experimental	runs	can	be	used	to	
calibrate	 hedenbergite-based	 oxybarometer	 reaction	 {Hed}	 due	 to	 the	 absence	 of	
kyanite	in	run	products.	
	
The	 critical	 part	 of	 both	oxybarometer	 reactions	 is	 that	 the	 activities	 of	 garnet	 solid	
solution	 components	 and	 the	 experimental	 calibration	 of	 an	 activity-composition	
model	of	grossular,	andradite	and	almandine	are	accurately	estimated.	.	
		
	
The	activities	of	end-members	in	experimental	garnets	
	
The	 activity	 –	 composition	model	 of	 garnet	 end-members	 (grossular,	 andradite	 and	
almandine)	 are	 described	 in	 Chapter	 6.	 The	 results	 of	 the	major	 elemental	 analysis	
(SEM	and	microprobe)	together	with	the	garnet	Fe3+/ΣFe	ratio	estimated	by	the	flank	
method	are	employed	to	accurately	and	precisely	estimate	the	cation	distribution	per	
normal	garnet	formula	unit	(12	oxygen	atom	unit).		
	
The	 results	 of	 the	 calculation	 of	 cation	 distribution	 are	 presented	 in	 Table	 7.2.	 The	
amount	 of	 Si	 in	 tetrahedral	 position	 is	 always	 equal	 to	 3.	 Therefore	 the	 Si	 cation	 in	
experimental	 garnets	 is	not	presented	 in	 the	Table	7.2.	 The	 sum	of	 Fe2+,	Mg	and	Ca	
cations	 in	 dodecahedral	 position	 equals	 3;	 the	 sum	 of	 Al	 and	 Fe3+	 is	 2	 (octahedral	
position).	 There	 is	no	dependence	of	 the	 cation	abundance	 in	 the	dodecahedral	 site	
(Fe2+,	 Mg	 and	 Ca)	 to	 experimental	 temperature	 or	 pressure	 (Figure	 7.1).	 A	 slight	
decrease	 in	Fe3+	atoms	per	 formula	unit	 can	be	noticed	with	 increasing	 temperature	
(Figure	7.2).		
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Figure	7.1.	Fe2+,	Mg	and	Ca	cations	distribution	in	dodecahedral	position.	The	total	sum	
of	cations	is	3.	The	cation	proportions	are	given	in	percentages.	The	amount	of	Fe3+	in	
the	octahedral	position	 is	 indicated	by	 the	color	gradient:	blue	 is	0.04,	 indigo	 is	0.06	
and	red	is	0.09.	The	values	are	averages	of	an	experiment;	garnet	layer	and	matrix	are	
separate.	
	
Figure	7.2.	The	Fe3+	atoms	per	formula	unit	versus	experimental	temperature	(Kelvin)		
The	values	are	averages	of	an	experiment;	garnet	layer	and	matrix	are	separated.	
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The	 mole	 fractions	 XCa,	 XFe2+,	 XMg	 were	 calculated	 as	 XCa=Ca/(Ca+Mg+Fe2+),	
XFe2+=Fe2+/(Ca+Mg+Fe2+),	XMg=Mg/(Ca+Mg+Fe2+),	where	Ca,	Mg	and	Fe2+	are	atoms	per	
formula	unit.	The	mole	fractions	 in	the	octahedral	position	are	XAl=Al/(Al+Fe3+),	XFe3+=	
Al/(Al+Fe3+),	where	Al	and	Fe3+	are	cations	in	the	octahedral	position.		
	
The	activities	of	grossular,	andradite	and	almandine	were	estimated	using	the	principle	
and	equations	described	in	Chapter	6.	In	Table	7.3	we	present	the	results	of	calculation	
of	activities	of	experimental	garnet	end-members.	Previously	I	reported	the	negligible	
effect	 of	 ternary	 term	 (C123)	 to	 the	 resulting	 activity	 of	 eclogite	 garnet	 end-member	
(formula	 6.20).	 Here	 I	 present	 the	 values	 of	 C123	 to	 demonstrate	 this	 point.	 The	
grossular	 and	 almandine	 activities	 do	 not	 show	 any	 correlation	 with	 experimental	
temperature	 (Figure	7.3).	Generally	 the	activities	of	almandine	 scatter	between	0.01	
and	0.043,	with	two	outliers	at	T=	1273K	and	1373K	(C4583	and	C4606a	respectively)	
(Table	7.3).	
	
Figure	 7.3.	 The	 almandine	 activity	 versus	 experimental	 temperature	 (Kelvin).	 The	
values	are	averages	of	an	experiment;	garnet	layer	and	matrix	are	separated.	
	
The	 aandradite	 decreases	 systematically	 with	 increasing	 experimental	 temperature.	
(Figure	7.4)	
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Figure	 7.4.	 The	 activity	 of	 andradite	 derived	 from	 the	 average	 value	 of	 each	
experiment	 (garnet	 layer	 and	 matrix	 separate)	 versus	 experimental	 temperature	
(Kelvin).		
	
The	 estimated	 activities	 of	 the	 garnet	 end-members	 were	 employed	 to	 calculate	
oxygen	 fugacity	 monitored	 by	 Fe-Ir	 and	 Fe-Pd	 alloys	 using	 two	 equations:	
hedenbergite-grossular-almandine	 (Equation	 7.2)	 (here	 and	 later	 abbreviated	 as	
{sensorHed})	 and	 kyanite-almandine	 (Equation	 7.4)	 (abbreviated	 as	 {sensorKy}).	 The	
first	 equation	 requires	 the	 estimation	 of	 hedenbergite	 activity,	 and	 the	 second	
equation	can	be	only	employed	for	assemblages	containing	stable	kyanite.		
	
Hedenbergite	activity	in	experimental	clinopyroxene	
	
The	activity	–	composition	model	for	hedenbergite	is	described	in	Chapter	6.	Here	we	
present	the	results	of	calculation	of	hedenbergite	activity	in	the	experimental	samples.	
The	values	of	aHed	are	employed	to	calibrate	the	oxybarometer	reaction	{Hed}	reaction	
and	calculate	fO2	monitored	by	Fe-Ir	and	Fe-Pd	sensors	using	{sensorHed}	equation.		
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The	 compositions	 of	 experimental	 clinopyroxenes	 and	 the	 activities	 of	 hedenbergite	
together	with	main	activity-compositions	are	given	in	the	Table	7.4.	The	experimental	
clinopyroxene	 is	 omphacite-hedenbergite	 solid	 solution	 (Ca,Na)(Mg,Al)Si2O6	 -	
CaFeSi2O6	with	major	diopside	contents	 (high	Mg	proportion	 in	Figure	7.5).	Ca-Escola	
component	is	negligible	for	most	of	the	samples	as	indicated	by	nearly	ideal	totals	of	
cations	 on	 the	 M2	 site	 (Table	 7.4).	 Ca-Tschermak	 is	 present	 in	 experimental	
clinopyroxene	 (Al	 in	 tetrahedral	 position,	 Table	 7.4);	 the	 effect	 of	 this	 component	 is	
included	in	calculations	of	excess	energy	of	mixing	on	the	M1	site,	but	mixing	on	the	
tetrahedral	site	is	assumed	ideal.		
	
The	calculation	of	mole	fractions	of	cations	in	M2,	M1,	T	sites	is	described	in	Chapter	6.	
	
Figure	7.5	Proportions	of	Mg,	Fe	and	Na	atoms	in	6	oxygens	per	formula	unit.		
	
The	 compositions	 of	 the	 experimental	 clinopyroxenes	 depend	 on	 the	 experimental	
conditions.	 The	 mole	 fraction	 of	 Na	 in	 the	 M2	 site	 decreases	 with	 increasing	
temperature	 (Figure	 7.6).	 Clinopyroxene	 synthesized	 at	 P=60	 kbar	 has	 a	 significantly	
higher	 Na	 content.	 One	 sample	 C4832,	 with	 a	 carbonate-free	 eclogite	 starting	
composition	(EA1)	also	shows	a	higher	Na	content	than	carbonate-bearing	EA1	at	the	
same	PT	(red	square	in	Figure	7.6).	
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Figure	 7.6.	 XNa	(Na	mole	 fraction	 in	M2	 site)	 of	 experimental	 clinopyroxene	 versus	 a	
temperature	of	run.	All	blue	diamonds	are	for	experiments	at	P=35	kbar	and	EA1	with	
carbonate	 part	 starting	 composition.	 The	 red	 square	 is	 for	 an	 experiment	 with	 the	
staring	composition	of	EA1	with	no	carbonate.	The	green	triangles	are	for	experiments	
conducted	at	P=60	kbar	and	starting	composition	of	EA1+10%Dolomite.	The	values	are	
averages	of	each	experiment.	
	
Calculation	of	hedenbergite	activity	uses	the	model	described	in	Chapter	6	and	all	key	
evaluated	parameters	are	given	in	Table	7.4.	The	interaction	parameters	WCa-Mg,	WMg-
Ca,	WMg(Fe)-Al	and	WAl-Mg(Fe)	have	 entropic	 terms,	 and	 are	 therefore	 dependant	 on	 the	
temperature	 of	 equilibration.	 Hence,	 they	 are	 also	 given	 in	 the	 table	 7.4.	 Other	
Margulis	 interaction	 parameters	 are	 constant	 and	 given	 in	 previous	 chapter	 (Table	
6.2).	The	ternary	terms	C123	for	the	M2	and	M1	sites	have	significant	values,	thus	they	
are	 included	 in	 the	 calculation	 of	 excess	 energies	 of	 mixing	 in	M2	 and	M1	 sites	 of	
hedenbergite	(equation	6.33	and	6.34).		The	reciprocal	energies	were	calculated	using	
equation	 6.38	 in	 order	 to	 estimate	 hedenbergite	 activity	 in	 the	 experimental	
clinopyroxene.		
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The	 ideal	 energy	 of	 mixing	 of	 hedenbergite	 mainly	 contributes	 to	 the	 partial	 Gibbs	
energy	of	the	component.	Therefore	we	see	some	correlation	between	the	XFe	in	M1	
site	and	the	activity	of	hedenbergite	in	the	range	of	XFe	(Figure	7.7).	
	
Figure	7.7.	The	dependence	of	activity	of	hedenbergite	from	mole	fraction	of	Fe	in	M1	
site	 in	 experimental	 clinopyroxene.	 	 The	 values	 plotted	 are	 averages	 of	 each	
experiment.	
	
Estimated	hedenbergite	activities	were	used	in	both	the	oxybarometer	reaction	{Hed}	
and	fO2	noble	metal	alloy	reaction	with	hedenbergite	{sensorHed}.		
	
The	experimental	fO2	monitor	results	
	
The	oxygen	fugacity	was	monitored	during	each	experiment	with	Fe-Ir	and	Fe-Pd	alloy	
fO2	sensors.	The	experimental	 fO2	measured	by	Fe-Ir	alloy	was	not	 sufficiently	precise	
because	of	poor	analytical	precision	due	to	the	very	low	concentrations	of	Fe	in	alloy	
at	higher	fO2	values	(Table	3.3).	In	comparison,	the	Fe-Pd	alloy	had	a	higher	content	of	
Fe	 (>6	 wt.%)	 at	 the	 same	 T,	 P	 and	 fO2	 and	 can	 therefore	 be	 used	 to	 estimate	
experimental	 fO2	more	 precisely.	 For	 example,	 the	 Pd-based	 alloy	 in	 run	 C4443	 was	
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more	homogeneous	 in	 composition	and	had	a	 larger	 content	of	 iron	 than	Fe-Ir	 alloy	
from	the	same	experiment.		
	
Thus	estimation	of	 redox	 state	 in	 the	experiment	based	on	Pd	 redox	 sensor	 showed	
more	precise	results	than	Ir-based	sensors.	At	relatively	high	oxygen	fugacities,	where	
carbonate	 is	 stable,	 the	 Fe-Pd	 alloy	 is	 much	 more	 suitable	 as	 an	 fO2	 monitor.	
Thermodynamic	 calibration	 of	 the	 Fe-Pd	 activity-composition	 and	 the	 principle	 of	
oxygen	fugacity	sensoring	were	described	in	Chapter	3.	
To	 estimate	 oxygen	 fugacity	 monitored	 by	 noble	 metal	 alloys	 we	 employed	 two	
reactions	 based	 on	 end-member	 components	 of	 eclogitic	 phases:	 hedenbergite,	
coesite	 and	 garnet	 components	 {sensorHed};	 and	 kyanite,	 coesite	 and	 almandine	
components	{sensorKy}.	Both	redox	reactions	are	in	equilibrium	with	Fe	in	Fe-Pd	or	Fe-
Ir	alloys	and	oxygen	(equations	7.2	{sensorHed}	and	7.4	{sensorKy}).	The	kyanite-based	
reaction	{sensorKy}	was	first	introduced	by	(Stagno	et	al.,	2015).	
	
2Fe	+	1/3Ca3Al2Si3O12	+	2SiO2	+	O2	=	CaFeSi2O6		+	1/3Fe3Al2Si3O12		(equation	7.2)	
Fe	in	alloy				Grossular			Coesite									Hedenbergite				Almandine	
at	equilibrium:	
log	fO2	=	ΔGor/ln(10)RT	+	log	aHed	+	1/3log	aAlm	-1/3log	aGros		-	2log	aFe	
(equation	7.3)	
where	 fO2		 is	 the	 oxygen	 fugacity;	 ΔGor	 is	 the	 free	Gibbs	 energy	 of	 reaction	 7.2;	 R	 –	
universal	gas	constant;	T	is	temperature	in	Kelvin;	aHed,	aAlm,	aGros	and	aFe	are	activities	
of	hedenbergite,	almandine,	grossular	and	Fe	in	Fe-Pd	(Fe-Ir)	alloy	respectively.	
3Fe	+	Al2SiO5	+	2SiO2	+	3/2O2	=	Fe2+3Al2Si3O12																																																									(equation	7.4)	
						Fe	in	alloy		Kyanite		Coesite															Almandine	
at	equilibrium:	
3/2Logfo2		=		-	ΔGor/RTln(10)	-	3log	aFe		+	log	aAlm																																																(equation	7.5)	
where	 fO2		 is	 the	 oxygen	 fugacity;	 ΔGor	 is	 the	 free	Gibbs	 energy	 of	 reaction	 7.4;	 R	 –	
universal	 gas	 constant;	 T	 is	 temperature	 in	 Kelvin;	 aAlm	 and	 aFe	 are	 activities	 of		
almandine	and	Fe	in	Fe-Pd	(Fe-Ir)	alloy	respectively.	
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To	 estimate	 oxygen	 fugacity	 with	 both	 reactions,	 {sensorHed}	 and	 {sensorKy},	 the	
Gibbs	 free	 energies	 of	 the	 reactions	 (ΔGr)	 should	 be	 calculated	 at	 any	 given	
experimental	temperature	and	pressure.	The	Gibbs	free	energies	were	estimated	with	
the	following	equation:	
ΔGr	=	(ΔHo	+ 𝐶𝑝𝑑𝑇
𝑇!"# )	–	(TΔSo	+	 𝐶𝑝𝑇 𝑑𝑇𝑇!"# )	+ 𝑉!𝑑𝑝𝑃! 																				(equation	7.6)	
where	T	is	temperature	in	Kelvin,	dT	is	the	difference	between	laboratory	temperature	
(298	K)	and	the	temperature	of	reaction,	P	is	the	pressure	in	bar,	dP	is	the	difference	
between	 ambient	 pressure	 and	 the	 pressure	 of	 reaction;	 ΔHo	 (kJ)	 is	 the	 enthalpy	 of	
reaction,	 ΔSo	 (J/K)	 is	 the	 entropy	 of	 reaction,	 V0	 (kJ	 or	 cm3/mol-1)	 is	 the	 volume	 of	
reaction	and	Cp	(J/mol)	 is	the	heat	capacity	of	reaction.	The	enthalpy	and	entropy	of	
reaction	 are	 the	 differences	 between	 the	 enthalpies	 of	 formation	 and	 entropies	 of	
reaction	 products	 and	 reactants.	 Values	 for	 enthalpies	 of	 formation,	 entropies,	 heat	
capacities	and	other	thermodynamic	properties	of	single	phases	are	given	in	previous	
chapter,	Table	6.5.	
	
Alternatively	 the	 ΔGr	 can	 be	 defined	 as	 the	 difference	 between	 Gibbs	 energies	 of	
product	and	reactant	components	of	the	redox	reactions:	
ΔGr	=	GHed+	1/3*GAlm		-	2*GFe	-	1/3*GGros	-	2*GCoes	-	GO2		for	reaction	7.2			
(equation	7.7)		
ΔGr	=	1/3*GAlm		-	3*GFe	-	GKy	-	2*GCoes	–	3/2*GO2		for	reaction	7.4	
(equation	7.8)		
where	Gi	are	Gibbs	energies	for	each	phase	in	index	derived	with	the	same	principle	of	
equation	7.6.	
	
The	 Gibbs	 free	 energies	 of	 both	 reactions	 at	 given	 experimental	 PT	 conditions	 are	
given	in	Table	7.5	and	Figure	7.8.	The	{sensorKy}	reaction	has	a	significant	energy	value	
(500	 kJ)	 and	 is	 highly	dependent	on	 the	presence	of	 kyanite	phase	 in	 the	 sample	of	
interest.		
CHAPTER	7.	EXPERIMENTAL	CALIBRATION	OF	OXYBAROMETER	 159		
	
Figure	7.8.	The	free	Gibbs	energy	of	fO2	monitor	reactions	{sensorHed}	and	{sensorKy}	
in	kilojoules	ΔGr		(kJ)	versus	experimental	temperature	in	Kelvins.	Blue	symbols	are	for	
hedenbergite-based	 reaction	 {sensorHed};	 red	 symbols	 are	 for	 kyanite-based	 one	
{sensorKy}.	 Both	 trend	 lines	 connect	 values	 for	 experiments	 conducted	 at	 35	 kbar,	
otherwise	indicated	with	a	label.	
	
ΔGro	for	both	{sensorHed}	and	{sensorKy}	have	significant	dependence	on	pressure	but	
almost	 no	 dependence	 on	 temperature	 (Figure	 7.8).	 Therefore	 the	 value	 of	 oxygen	
fugacity	is	highly	dependent	on	the	changes	of	the	component	activities	(equation	7.3	
and	 7.5).	 Activities	 of	 silicates	 (almandine	 and	 hedenbergite)	 estimated	 with	
thermodynamic	 models	 described	 in	 Chapter	 6	 and	 their	 values	 for	 experimental	
samples	are	given	in	Tables	7.2	and	7.3.		
	
The	 activities	 of	 Fe	 in	 Fe-Ir	 and	 Fe-Pd	 were	 estimated	 separately	 since	 the	 excess	
energies	of	mixing	for	both	alloys	are	different	Chapter	3.	The	activity	of	Fe	 in	alloys	
(aFe)	was	estimated	with	the	equation:	
aFe	=	γFe	XFe																																																																																																																															(equation	7.9)	
Where	γFe	 isthe	activity	coefficient	and	XFe	is	the	mole	fraction	of	Fe	 in	Fe-Ir	or	Fe-Pd	
alloy.	
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The	mole	 fraction	of	Fe	 is	derived	 from	the	compositional	analysis	of	alloys	with	 the	
SEM	and	 listed	 in	Table	7.5.	 The	activity	 coefficients	 (γFe)	were	 calculated	 separately	
for	Fe-Ir	and	Fe-Pd	alloys	with	following	equation:	
RTlnγFe	=	(WFe-Pd(Ir)+	2(WPd(Ir)-Fe	–	WFe-Pd(Ir))XFe)(1-XFe)2																							(equation	7.10)	
where	 R	 is	 the	 universal	 gas	 constant;	 T	 –	 temperature	 in	 Kelvin;	 Wi-j	 are	 Margulis	
interaction	parameters	for	binary	pairs	and	XFe	is	the	mole	fraction	of	Fe	in	alloy.	
	
The	Margulis	 interaction	parameters	 for	 Fe-Ir	 alloy	are:	WFe-Ir	=	 -51814	+	0.0749(P-1)	
and	WIr-Fe=	-62796	+	0.074(P-1),	where	P	is	pressure	in	bars	(Schwerdtfeger	and	Zwell,	
1968).	The	parameters	of	Fe-Pd	alloy	are:	WFe-Pd	=	WFe-Pd	=	-89405	J/mole	and	WPd-Fe	=	-
11948	J/mole.	
	
The	estimated	activity	of	Fe	in	the	alloys	is	given	in	Table	7.5	and	Figure	7.9.	The	value	
of	Fe	activity	(log	aFe)	is	highly	dependent	on	the	activity	coefficient	of	Fe	(log	γFe)	and	
less	on	the	mole	fraction	of	Fe	in	the	alloys	(log	XFe)	(Table	7.5).	 	The	uncertainties	in	
the	 Fe	 activities	 derived	 from	 the	 Fe-Ir	 alloys	 are	 significantly	 larger	 than	 in	 those	
derived	 from	 the	 Fe-Pd	 alloys,	 because	 of	 the	 low	 concentration	 of	 Fe	 in	 the	 Fe-Ir	
alloys	 and	 the	 consequent	 imprecise	microprobe	measurement	 of	 Fe	 content	 (Table	
3.3).	The	amount	of	iron	in	two	types	of	Fe-Pd	alloy	(pure	Pd	and	Fe90Pd10)	in	the	same	
sample	 varies	with	 experimental	 temperature.	Hence	 the	 activity	 derived	 from	both	
alloys	show	different	results	in	case	of	the	lack	of	equilibrium	at	lower	temperatures,	
e.g.	 the	 Fe	 activities	 of	 C4605	 (T=1173)	 from	 both	 alloys	 of	 Fe-Pd	 have	 substantial	
difference	 in	 values.	 In	 contrary	 experiment	 C4612	 with	 a	 higher	 experimental	
temperature	 of	 T=1373	 K	 have	 log	 aFe	 =	 -3.13	 and	 -2.84	 for	 Pd	 and	 Fe90Pd10	
respectively.	 In	 general	 all	 derived	 activities	 of	 Fe	 show	 a	 slight	 increase	 with	
increasing	experimental	temperature	(Figure	7.9).	
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Figure	 7.9	 Activity	 of	 Fe	 in	 Fe-Pd	 and	 Fe-Ir	 alloy	 versus	 experimental	 temperature.	
Uncertainty	of	Fe	activity	 from	Fe-Pd	alloy	 in	most	of	the	cases	 is	 less	than	a	symbol	
(Table	7.5).	The	values	are	averages	of	an	experiment.	Standard	deviation	for	aFe	in	Fe-
Ir	alloy	is	given	with	caps.	
	
Finally	 log	 fO2	 of	 the	 experimental	 series	 monitored	 by	 Fe-Ir	 and	 Fe-Pd	 alloys	 are	
evaluated	 with	 {sensorHed}	 and	 {sensorKy}	 with	 known	 the	 free	 Gibbs	 energy	 of	
reactions,	activities	of	components	at	 the	given	experimental	conditions	 (Table	7.5.).	
The	 results	 of	 calculation	 of	 log	 fO2	 {sensorHed}	 are	 illustrated	 in	 Figure	 7.10.	 Once	
again	the	precision	of	Fe-Ir	alloy	as	an	oxygen	fugacity	monitor	for	relatively	oxidized	
conditions	of	carbonate	eclogites	is	very	poor	(Figure	7.11).	However	at	high-pressure	
conditions	of	60	kbar	and	relatively	high	temperatures	the	uncertainty	 is	 low,	due	to	
higher	concentrations	of	Fe	in	Fe-Ir	alloy	(229	in	Table	7.5	and	Figure	7.11).	In	contrast	
the	precision	of	 Fe-Pd	 sensor	 is	 very	 good,	 in	 all	 cases	 standard	deviation	 is	 smaller	
than	a	symbol	in	Figure	7.12.		
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The	general	trend	of	increasing	log	fO2	with	increasing	temperature	is	valid	for	all	types	
of	 sensors	 and	 there	 is	 no	 significant	 difference	 between	 in	 log	 fO2	 of	 various	
experimental	compositions	for	{sensorHed}	reaction	(Figure	7.10).		
	
	
Figure	 7.10.	 	 log	 fO2	 evaluated	 with	 {sensorHed}	 reaction	 for	 alloy	 sensors	 versus	
experimental	 temperature	 in	 Kelvin.	 The	 values	 are	 averages	 of	 an	 experiment.	
Uncertainties	for	Fe-Ir	alloy	with	caps.	
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Figure	7.11.	Log	fO2	of	{sensorHed}	and	{sensorKy}	reactions	for	Fe-Ir	sensor.	Solid	red	
circles	 are	 experiments	 with	 stable	 kyanite,	 pink	 circles	 are	 experiments	 with	
corundum	and	empty	circle	is	experiment	with	no	corundum	or	kyanite.	
	
Figure	 7.12.	 Log	 fO2	of	 {sensorHed}	 and	 {sensorKy}	 reactions	 for	 Fe-Pd	 sensor.	 Solid	
blue	 diamonds	 are	 experiments	 with	 stable	 kyanite,	 light	 blue	 diamonds	 are	
experiments	with	corundum	and	empty	diamonds	are	experiments	with	no	corundum	
60	kbar	
-15	
-14	
-13	
-12	
-11	
-10	
-9	
-8	
-7	
-6	
-5	
-4	
-3	
-15	 -14	 -13	 -12	 -11	 -10	 -9	 -8	 -7	 -6	 -5	 -4	 -3	
	lo
g	
fO
2	
	b
y	
{s
en
so
rH
ed
}	
	log	fO2	by	{sensorKy}	
Corundum	
Kyanite	
-15	
-14	
-13	
-12	
-11	
-10	
-9	
-8	
-7	
-6	
-5	
-4	
-3	
-15	 -14	 -13	 -12	 -11	 -10	 -9	 -8	 -7	 -6	 -5	 -4	 -3	
lo
g	
fO
2	
	b
y	
{s
en
so
rH
ed
}	
	log	fO2	by	{sensorKy}	
Corundum	
Kyanite	
No	kyanite	or	corundum	
Corundum	(Fe90Pd10)	
Kyanite	(Fe90Pd10)	
No	kyanite	or	corundum	(Fe90Pd10)	
Grt	Layer	
164	 CHAPTER	7.	EXPERIMENTAL	CALIBRATION	OF	OXYBAROMETER		
or	 kyanite.	 Solid	 green	 triangles	 are	 experiments	 with	 stable	 kyanite,	 light	 green	
triangles	are	experiments	with	corundum	and	empty	triangles	are	experiments	with	no	
corundum	 or	 kyanite	 (all	 triangles	 are	 for	 Fe90Pd10	 starting	 alloy).	 Blue	 crosses	 are	
results	 based	on	 activities	 of	 garnets	 from	 layer.	Uncertainties	 plot	 smaller	 than	 the	
size	of	symbols	used.	
	
The	 {sensorHed}	 reaction	 can	 be	 applied	 to	 all	 experimental	 samples	 since	
clinopyroxene	is	stable	in	all	run	products.	In	contrast,	application	of	the	{sensorKy}	is	
not	 strictly	 valid	 for	 experimental	 samples	 with	 no	 stable	 kyanite	 (Table	 7.5).	 The	
difference	 between	 the	 evaluated	 log	 fO2	 with	 both	 reactions	 for	 kyanite-free	
assemblages	is	significant	for	both	the	Fe-Ir	and	Fe-Pd	sensors	(Figures	7.11	and	7.12	
respectively).	The	log	fO2	of	{sensorKy}	reaction	for	those	experiments	is	constant,	but	
log	fO2	of	{sensorHed}	reaction	is	changing	(empty	symbols	in	the	Figure	7.12).	In	case	
of	 presence	 of	 kyanite	 in	 experimental	 run	 products	 both	 reactions	 show	 the	 same	
results	with	Fe-Ir	and	Fe-Pd	(1:1	trend	in	Figures	7.11	and	7.12).	
	
The	values	of	 log	fO2	evaluated	by	the	kyanite	reaction	is	valid	for	experimental	runs	
with	 stable	 kyanite,	 and	 log	 fO2	 of	 hedenbergite-based	 reaction	 can	 be	 used	 to	
calibrate	oxybarometer	reactions	for	all	experimental	samples.	
	
Kyanite	 and	 Garnet	 Oxybarometer	 reaction	 calibration	 using	 flank	
method	analysis	and	microprobe	results	
	
The	approach	 to	experimental	 calibration	of	eclogite	oxybarometer	 is	 comparison	of	
log	 fO2	 as	 evaluated	 above	 using	 the	 noble	 metal	 alloy	 sensors	 with	 simultaneous	
thermodynamic	modelling	of	eclogitic	redox	reactions	6.4	and	6.5.	The	thermodynamic	
models	of	both	oxybarometer	reactions	are	given	in	Chapter	6.		
	
Both	oxybarometer	reactions	{Hed}	and	{Ky}	require	the	Gibbs	free	energy	of	reaction	
(ΔG0r)	in	an	order	to	evaluate	log	fO2	of	experimental	samples.	The	ΔG0r	was	derived	by	
equation	 6.8	 using	 the	 Holland	 and	 Powell,	 2011	 database	 with	 the	 respect	 to	
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experimental	temperature	and	pressure	(thermal	expansion	and	compressibility).	The	
Gibbs	 energies	 of	 both	 reactions	 are	 correlated	 with	 temperature.	 The	 pressure	
increase	 from	35	 to	60	kbars	 significantly	 increases	 the	negative	values	of	 the	Gibbs	
energy	of	reactions	(Figure	7.13).	
	
	
Figure	7.13.	The	Gibbs	free	energy	of	eclogite	oxybarometer	reactions	{Hed}	and	{Ky}	
versus	 experimental	 temperature.	 Hedenbergite	 reaction	 {Hed}	 energies	 are	 blue	
diamond	symbols,	kyanite	{Ky}	ones	are	red	circles.		
	
Along	with	the	Gibbs	free	energies	of	reaction	at	given	experimental	PT	conditions,	the	
activities	of	components	are	required	to	calculate	the	oxygen	fugacity	of	experimental	
samples	with	oxybarometer	reactions	{Hed}	and	{Ky}.	The	activity-composition	models	
for	garnet	and	clinopyroxene	solid	solutions	are	described	in	Chapter	6,	the	results	of	
activity	estimation	of	experimental	Grt	and	Cpx	are	listed	in	Tables	7.3	and	7.4	(or	all	
together	 included	in	Table	7.6).	The	estimated	experimental	 log	fO2	of	oxybarometer	
reactions	together	with	 log	fO2	monitored	by	sensor	alloys	for	each	experimental	run	
are	presented	in	Table	7.6.	
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The	 hedenbergite	 oxybarometer	 reaction	 {Hed}	 estimates	 log	 fO2	 of	 experimental	
phases	from	the	sample	matrix	in	agreement	with	log	fO2	monitored	by	Fe-Pd	sensors	
with	Pd	starting	composition	using	{sensorHed}	reaction	(dark	blue	diamond	symbols	
in	Figure	7.14).	All	results	from	the	experimental	samples	are	very	close	to	the	1:1	line,	
except	 C4443	 (-5.33	 of	 {Hed},	 -7.22	 of	 {sensorHed})	with	 Pd	 foil	 as	 a	 sensor	 for	 fO2	
monitoring.	
	
Figure	 7.14.	 Log	 fO2	of	 hedenbergite	 oxybarometer	 reaction	 (X	 axis)	 versus	 log	 fO2	
monitored	 by	 sensors	 {sensorHed}	 evaluated	 with	 activities	 of	 garnet	 in	 the	
experimental	 matrix.	 Dark	 blue	 symbols	 are	 alloy	 sensors	 with	 starting	 pure	 Pd	
composition;	 light	 blue	 symbols	 are	 for	 Fe90Pd10	 ones;	 red	 circles	 are	 Fe-Ir	 alloy.	
Uncertainties	 for	 {Hed}	oxybarometer	 values	 are	 from	Fe3+/ΣFe	of	 flank	method	and	
for	{sensorHed}	monitored	values	are	from	the	concentration	of	Fe	in	alloys.	
	
The	agreement	between	log	fO2	{Hed}	and	log	fO2	monitored	by	Fe90Pd10	sensors	using	
{sensorHed}	 reaction	 is	not	always	 ideal	 (light	blue	diamond	symbols	 in	Figure	7.14).	
The	lower	temperature	experimental	runs,	with	lower	log	fO2,	show	an	offset	from	the	
1:1	fit	curve	towards	decreased	values	of	log	fO2	estimated	with	Fe90Pd10	sensors.	Fe-Ir	
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sensors	estimate	 log	 fO2	generally	at	 lower	values	than	{Hed}	oxybarometer	reaction	
and	with	very	high	uncertainty	(red	circles	in	Figure	7.14).	
	
The	offset	can	also	be	found	 in	the	results	of	calculation	of	 log	 fO2	by	{Hed}	reaction	
with	garnet	activities	from	the	garnet	layer	in	the	experimental	samples	(Figure	7.15).	
The	layer	technique	was	mostly	employed	for	series	of	experiments	with	Fe-Ir	sensors	
(red	circles	 in	Figure	7.15).	Values	of	 log	 fO2	by	{sensorHed}	using	activities	of	garnet	
from	the	layer	in	experiments	with	Pd	and	Fe90Pd10,	show	similar	trends	as	those	with	
activities	from	garnet	in	the	matrix	(blue	symbols	in	Figure	7.14).	
	
Figure	7.15.	 Log	 fO2	of	hedenbergite	oxybarometer	 reaction	 {Hed}	 (X	axis)	 versus	 log	
fO2	 monitored	 by	 sensors	 (sensorHed}	 evaluated	 with	 activities	 of	 garnet	 in	 the	
experimental	 Grt	 layer.	 Dark	 blue	 symbols	 are	 alloy	 sensors	 with	 starting	 pure	 Pd	
composition;	 light	 blue	 symbols	 are	 for	 Fe90Pd10	 ones;	 red	 circles	 are	 Fe-Ir	 alloy.	
Uncertainties	 for	 oxybarometer	 values	 are	 from	 Fe3+/ΣFe	 of	 flank	 method	 and	 for	
sensor	monitored	values	are	concentration	of	Fe	in	alloys.	
	
The	kyanite-based	reaction	{Ky}	was	calibrated	using	the	same	principle	of	comparison	
to	log	fO2	values	monitored	by	alloy	sensors	with	{sensorKy}	reaction.	The	results	of	log	
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fO2	values	with	both	 {Ky}	 and	 {sensorKy}	 reactions	are	given	 in	Table	7.6	and	Figure	
7.16.	Generally	 {sensorKy}	 reaction	of	Fe-Ir	 sensors	estimates	 log	 fO2	 lower	 than	 the	
{Ky}	reaction.	The	results	of	calibration	with	Pd	and	Fe90Pd10	vary	for	experiments	with	
kyanite	present,	stable	corundum	or	no	kyanite	(or	corundum)	present	in	run	products	
(Figure	7.16).		
	
Figure	 7.16.	 Log	 fO2	 of	 kyanite	 oxybarometer	 reaction	 {Ky}	 (X	 axis)	 versus	 log	 fO2	
monitored	 by	 sensors	 {sensorKy}	 evaluated	 with	 activities	 of	 garnet	 in	 the	
experimental	matrix.	Dark	blue	diamond	symbols	are	alloy	sensors	with	starting	pure	
Pd	 composition	 and	 stable	 kyanite	 in	 the	 experimental	 run;	 light	 blue	 diamond	
symbols	are	alloy	sensors	starting	with	pure	Pd	composition	and	stable	corundum	 in	
experimental	run;	empty	blue	diamond	symbols	are	alloy	sensors	with	starting	pure	Pd	
composition	 and	 no	 stable	 kyanite	 or	 corundum	 in	 experimental	 run;	 light	 blue	
symbols	 with	 crosses	 are	 for	 Fe90Pd10;	 dark	 red	 circles	 are	 Fe-Ir	 alloy	 with	 stable	
kyanite	in	experimental	run;	Empty	red	circles	are	Fe-Ir	alloy	with	no	stable	kyanite	in	
experimental	run;	light	red	circles	are	Fe-Ir	alloy	with	stable	corundum	in	experimental	
run.	Uncertainties	for	oxybarometer	values	are	from	Fe3+/ΣFe	of	flank	method	and	for	
sensor	monitored	values	are	concentration	of	Fe	in	alloys.	
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There	 is	 good	 agreement	 in	 log	 fO2	 between	 the	 {Ky}	 reaction	 and	 {sensorKy}	 of	 Pd	
sensors	 for	experiments	with	stable	kyanite	 (dark	blue	diamonds	 in	Figure	7.16).	For	
experiments	with	 stable	 corundum	 (light	 blue	 diamonds	 in	 Figure	 7.16)	 the	 offset	 is	
apparent,	 but	 parallel	 to	 the	 1:1	 line.	 Finally	 the	 experiments	 with	 no	 kyanite	 or	
corundum	 in	 run	 products	 show	 a	 trend	 parallel	 to	 the	 X-axis	 ({Ky}	 oxybarometer	
reaction),	i.e.	constant	log	fO2	from	the	Fe-Pd	alloy	sensors.	
	
The	 last	 part	 of	 the	 calibration	 is	 comparison	 of	 log	 fO2	 estimated	 by	 kyanite	 and	
hedenbergite	 reactions	 {Hed}	 and	 {Ky}.	 In	 experimental	 run	 products	 containing	
kyanite,	 the	 estimated	 values	 of	 fO2	 fit	 almost	 perfectly	 on	 the	 1:1	 fit	 curve	 (Figure	
7.17).		
	
Figure	7.17.	Comparison	of	Log	 fO2	values	evaluated	by	{Hed}	and	{Ky}	oxybarometer	
reactions.	 Solid	 blue	 diamond	 symbols	 with	 garnet	 activities	 from	 matrix	 of	
experiments	with	stable	kyanite;	solid	orange	circle	symbols	with	activities	from	garnet	
layer	 of	 experiments	 with	 stable	 kyanite;	 empty	 blue	 diamond	 symbols	 with	 garnet	
activities	 from	 matrix	 of	 experiments	 with	 no	 stable	 kyanite;	 empty	 orange	 circle	
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symbols	 with	 activities	 from	 garnet	 layer	 of	 experiments	 with	 no	 stable	 kyanite.	
Uncertainties	are	based	on	Fe3+/ΣFe	ratio	standard	deviation	of	flank	method.	
As	it	was	noted	previously,	not	all	samples	had	alloy	sensors	to	estimate	log	fO2	due	to	
polishing	 issues	 or	 initial	 exclusion	 of	 the	 sensor	 in	 the	 assembly.	 Thus	 there	 are	
additional	experimental	runs	for	cross-checking	the	calibration	of	both	the	kyanite	and	
hedenbergite	 reactions	 (Table	 7.6).	 In	 the	 case	 of	 experimental	 runs	with	 no	 stable	
kyanite	the	offset	from	the	1:1	fit	curve	is	on	both	sides	of	the	curve.	
	
The	experimental	calibration	of	{Hed}	and	{Ky}	reactions	was	conducted	with	eclogite	
with	 various	 carbonate	 compositions	 (10%Ca,MgCO3;	 10%Ca,MgCO3	 +3%K2CO3;	
15%CaCO3)	 at	 P=35-60	 kbars	 and	 T=900-1300	 oC.	 The	 calibration	 was	 based	 on	 the	
comparison	of	fO2	monitored	by	Fe-Pd	and	Fe-Ir	alloy	sensors,	following	with	the	cross-
check	of	both	oxybarometer	reactions.	
	
Discussion	
	
The	 uncertainties	 of	 the	 hedenbergite	 {Hed}	 and	 kyanite-based	 	 {Ky}	 oxybarometers	
(based	on	equations	6.4	and	6.6	respectively)	are	highly	dependent	on	the	accuracy	of	
the	 garnet	 ferric	 iron	 measurements	 and	 on	 the	 activity-composition	 models.	 The	
experimental	 calibration	 with	 fO2	 values	 monitored	 by	 alloy	 sensors	 estimated	 the	
accuracy	 of	 flank	method	 and	 validity	 of	 both	 the	 hedenbergite	 and	 garnet	 activity-
composition	 models.	 	 Finally	 the	 cross-check	 calibration	 of	 both	 oxybarometer	
reactions	was	 a	 secondary	 test	 of	 both	 the	 garnet	 and	 clinopyroxene	 solid	 solutions	
thermodynamic	models.	
	
The	 low	 abundance	 of	 ferric	 iron	 in	 experimental	 garnets	 and	 associated	 analytical	
uncertainties	 might	 have	 potential	 impact	 on	 activity	 of	 andradite	 component,	 the	
activity	 of	 which	 is	 main	 contributor	 to	 the	 resulting	 value	 of	 fO2.	 Thus	 ferric	 iron	
content	 is	calculated	from	FeO	microprobe	and	SEM	analysis	and	the	Fe3+/ΣFe	values	
from	 flank	 method	 analysis	 of	 experimental	 garnets.	 All	 experimental	 garnets	 have	
relatively	high	concentrations	of	FeO	(>10	wt%),	therefore	the	uncertainty	in	FeO	does	
not	have	a	major	impact	on	the	resulting	ferric	iron	estimation.		
CHAPTER	7.	EXPERIMENTAL	CALIBRATION	OF	OXYBAROMETER	 171		
	
The	 flank	 method	 has	 high	 precision	 due	 to	 5	 by	 5	 grid	 analysis	 and	 the	 high	
consistency	 and	 reproducibility	 of	 standards.	 Therefore,	 we	 were	 able	 to	 precisely	
(uncertainty	of	Fe3+/ΣFe	ratio	~	0.01)	and	accurately	measure	Fe3+/ΣFe	ratios	with	the	
flank	method.		
	
All	fO2	values	estimated	by	oxybarometer	reactions	have	standard	deviations	based	on	
uncertainty	 of	 Fe3+/ΣFe	 ratios	 estimated	 by	 the	 flank	 method.	 In	 most	 cases,	 the	
uncertainty	 of	 0.01-0.02	 in	 the	 Fe3+/ΣFe	 ratios	 has	 no	 significant	 impact	 on	 the	
precision	of	 the	 resulting	 fO2	values.	However	 the	maximum	 standard	deviation	was	
observed	 for	 sample	 C4582	 (Grt	 layer)	 with	 Fe2O3=1.1	 wt%	 (with	 σ=0.59),	 thus	 the	
uncertainty	 of	 the	 calculated	 fO2	 had	 σ=1.38.	 This	 may	 be	 explained	 by	 local	
heterogeneity	of	the	area	because	of	nearby	Fe-Pd	alloy.		
	
The	 validity	 of	 the	 thermodynamic	 model	 for	 clinopyroxene	 was	 confirmed	 by	
comparison	of	{Hed}	and	{Ky}	reactions	of	Fe-Pd	alloy	sensors	(Figure	7.12).	In	case	of	
experimental	samples	in	which	kyanite	crystallized,	the	agreement	of	both	reactions	is	
almost	 perfect.	 Both	 {Ky}	 and	 {Hed}	 reactions	 calculate	 fO2	 from	 activates	 of	
experimental	garnets	and	Fe	in	alloys.	However	the	main	difference	between	reactions	
is	the	activity	of	hedenbergite	involved	in	{Hed}	reaction.	Therefore	the	cross-checking	
of	both	reactions	allowed	for	validation	of	the	clinopyroxene	thermodynamic	model.	
	
The	 activities	 of	 Fe	 from	 Fe-Pd	 and	 Fe-Ir	 alloys	 are	 responsible	 for	 fO2	 estimation	
monitored	by	the	alloy	sensors.	Therefore	the	uncertainty	in	fO2	is	inherited	from	the	
uncertainty	in	the	activities	of	Fe	in	alloys.	The	low	concentration	of	Fe	in	Fe-Ir	alloys	
and	 standard	 deviation	 of	 up	 to	 50%	 of	 the	measured	 Fe	 content,	 resulted	 in	 high	
uncertainties	in	fO2	in	earlier	experiments	with	Fe-Ir	alloys	(Figure	7.11).	Moreover	the	
analysis	of	alloys	might	be	showing	higher	Fe	content	than	reality,	since	the	analysis	of	
the	 Fe-Ir	 alloy	may	 be	 impacted	 by	 secondary	 fluorescence	 from	 nearby	 Fe-bearing	
phases	(Figure	7.18).	
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The	 increased	 Fe	 concentrations	 in	 Fe-Ir	 alloy	 subsequently	 lead	 to	 estimated	 fO2	
values	 lower	 than	 the	 actual	 values.	 Therefore	 fO2	 values	 from	 Fe-Ir	 alloys	 always	
appear	to	lie	below	the	1:1	fit	curve	in	Figure	7.15.	The	same	increased	content	of	iron	
in	Fe-Ir	alloy	was	observed	in	experimental	calibration	project	by	previous	researchers	
(Stagno	et	al.,	2015).		
	
	
Figure	7.18.	The	BSE	image	of	experimental	run	products.	The	bright	area	is	Fe-Ir	alloy	
in	form	of	powder.	
	
The	 phase	 assemblage	 in	 run	 products	 dictates	 the	 applicability	 of	 each	 calibrated	
oxybarometer	 and	 alloy	 sensor	 reactions.	 In	 experiments	 with	 stable	 kyanite,	
{sensorHed}	 and	 {sensorKy}	 versus	 {Ky}	 oxybarometer	 reaction	 show	 very	 good	
agreement.	However	the	same	agreement	is	not	valid	for	experiments	with	no	kyanite	
or	 corundum	 present.	 The	 following	 trends	 can	 also	 be	 found	 in	 the	 plot	 of	 fO2	
estimated	by	{Hed}	and	{sensorKy}.	The	samples	with	log	fO2	greater	than	or	equal	to	-
7	have	different	fO2	estimates	by	{Hed}	reaction	but	fO2	of	{sensorKy}	reaction	remain	
almost	constant	(Figure	7.19).	
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Figure	7.19.	Log	fO2	of	{Hed}	oxybarometer	reaction	(X	axis)	versus	 log	fO2	monitored	
by	{sensorKy}	evaluated	with	activities	of	garnet	in	the	experimental	matrix.	Dark	blue	
symbols	are	alloy	sensors	with	starting	pure	Pd	composition;	light	blue	symbols	are	for	
Fe90Pd10	 ones;	 Uncertainties	 for	 oxybarometer	 values	 are	 from	 Fe3+/ΣFe	 of	 flank	
method	and	for	sensor	monitored	values	are	concentration	of	Fe	in	alloys.	
	
	
Finally	 the	 cross-check	 of	 {Hed}	 and	 {Ky}	 reactions	 validate	 the	 developed	
thermodynamic	models	of	garnet	and	clinopyroxene	solid	solutions	(Figure	7.17).	The	
agreement	of	 log	 fO2	values	on	the	same	samples	of	complex	composition	carbonate	
eclogites	at	various	PT	conditions	suggests	that	the	calibration	of	both	oxybarometers	
is	robust.		
The	 hedenbergite	 oxybarometer	 reaction	 {Hed}	 can	 be	 applied	 to	 any	 bimineral	
eclogite	assemblage	and	the	kyanite	oxybarometer	reaction	{Ky}	can	estimate	the	fO2	
of	 kyanite-bearing	eclogite	or	any	kyanite	+	garnet	+	 clinopyroxene	assemblage	 (e.g.	
metapelite).	
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Conclusions	
	
Experimental	series	with	carbonate	eclogites	at	P=35-60	kbar	and	T=900-1300	oC	were	
conducted	to	calibrate	{Hed}	and	{Ky}	reactions.	The	Fe-Pd	and	Fe-Ir	fO2	sensors	were	
employed	to	crosscheck	the	values	of	fO2	estimated	by	both	reactions.		
	
The	Fe-Ir	alloy	sensor	is	not	a	suitable	fO2	monitor	for	relatively	high	fO2	conditions	of	
carbonate	 eclogites	 due	 to	 its	 poorer	 precision.	 The	 recently	 calibrated	 Fe-Pd	 fO2	
sensor	shows	great	results	for	the	precise	determination	of	oxygen	fugacity	present	in	
experiments.	
	
The	Gibbs	free	energies	of	reactions	and	activities	of	grossular,	almandine,	andradite	
and	hedenbergite	for	the	each	experiment	were	determined	in	order	to	estimate	fO2	
of	experimental	 samples.	Activities	of	 the	garnet	end-members	were	determined	 for	
both	 the	 experimental	 garnets	 from	 the	 matrix	 and	 the	 Grt	 layer	 separately.	
Uncertainty	 of	 ferric	 iron	 content	 (Fe3+/ΣFe	 ratios	 from	 flank	 method)	 dictates	 the	
precision	of	fO2	values	estimated	by	oxybarometer	reactions.	
	
The	 fO2	 estimated	 by	 hedenbergite	 and	 kyanite-based	 sensor	 reactions	 in	 good	
agreement	(less	than	0.3	log	units	in	Figure	7.17).	Therefore	the	activity	–	composition	
model	of	clinopyroxene	can	be	assessed	as	reliable.		
The	 kyanite	 sensor	 and	oxybarometer	 reactions	 show	 inaccurate	 results	 for	 samples	
with	no	kyanite	or	corundum	present	in	run	products.	
	
Both	hedenbergite	and	kyanite	oxybarometer	reactions	are	well	calibrated	and	can	be	
used	to	determine	the	fO2	of	natural	or	experimental	eclogite	assemblage	samples.			
	Chapter	8.	Application	of	oxybarometer	reactions	to	natural	
samples.	DCDD/G	reaction	and	oxygen	fugacity	of	eclogite	
xenoliths	from	Udachnaya	kimberlite	pipe.	
	
The	 experimental	 calibration	 of	 two	 eclogite	 oxybarometer	 reactions,	 kyanite-based	
{Ky}	 and	 hedenbergite-based	 {Hed}	 show	 good	 agreement	 between	 the	 values	 of	
oxygen	fugacities	estimated	by	each	reaction.	The	next	step	in	the	development	of	an	
oxybarometer	 reaction	 after	 experimental	 calibration	 is	 the	 application	 of	 both	
reactions	 to	suitable	natural	 samples.	 In	 this	project	we	apply	both	 reactions	 to	 rare	
kyanite-bearing	 eclogite	 xenoliths.	 The	 oxygen	 fugacity	 of	 two	 samples	 of	 relatively	
fresh	kyanite-bearing	eclogite	xenoliths	from	the	Udachanya	kimberlite	pipe,	Yakutia,	
Russia	 are	 estimated.	 As	 the	 result	we	 are	 able	 to	 test	 both	 oxybarometer	 reaction	
models	on	complex	chemical	system	of	natural	samples.	
	
In	 addition,	 the	 experimentally	 calibrated	 {Hed}	 eclogite	 oxybarometer	 reaction	 is	
applied	 to	 large	 suite	 of	 kyanite-free	 eclogite	 xenolith	 samples,	 also	 from	 the	
Udachanya	kimberlite	pipe.	The	kyanite-free	nature	of	 these	eclogite	xenoliths	made	
the	{Ky}	unsuitable	for	estimating	their	fO2.		
	
A	few	samples	of	bimineral	eclogite	xenoliths	(UD-111-02	and	UD-107)	have	diamond	
as	an	accessory	mineral.	This	could	allow	for	the	evaluation	of	the	oxygen	fugacity	of	
diamond-bearing	 eclogite	 xenoliths	 from	 kimberlite	 pipe.	 As	 the	 result	 of	 the	
experimental	 series	 on	 carbonate	 eclogite	 (EA1+15%CaCO3	 –	 calcite-rich)	 in	
equilibrium	 with	 graphite/diamond	 and	 the	 evaluation	 of	 oxygen	 fugacity	 of	 these	
series	 of	 experiments	 we	 were	 able	 to	 estimate	 the	 activity	 of	 dolomite	 in	 calcite	
saturated	 eclogite	 assemblages.	 The	 estimated	 activity	 of	 dolomite	 is	 the	 key	 to	
modeling	 the	 DCDD/G	 reaction	 (Luth,	 1993)	 in	 natural	 samples	 and	 the	 answer	 to	
question	 “how	 	 does	 fO2	 	 limit	 the	 stability	 of	 carbonate	 in	 eclogite	 assemblage	 	 at	
mantle	conditions?”.	
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Test	of	oxybarometer	reactions	on	kyanite-bearing	eclogite	xenoliths	
	
To	test	both	oxybarometer	reactions	on	natural	samples	will	allow	for	the	comparison	
of	 the	 two	 calculated	 oxygen	 fugacities	 using	 the	 calibrations	 of	 the	 two	 reactions:	
{Hed}	and	{Ky}	(Equations	6.4	and	6.6	respectively).		
If	 the	 thermodynamic	 modeling	 and	 experimental	 calibration	 of	 both	 reactions	
(Chapters	6	and	7)	are	mutually	consistent,	both	calibrations	should	return	the	same	
value	of	 fO2	in	natural,	complex	systems.	This	requires	all	phases	of	both	reactions	to	
be	present	in	the	sample	(garnet,	clinopyroxene,	kyanite,	coesite).		
	
Sample	description	
With	help	of	Russian	colleagues	from	the	Novosibirsk	branch	of	the	Russian	Academy	
of	Sciences,	we	obtained	9	kyanite-bearing	eclogite	xenoliths	(special	thanks	to	Andrey	
Korsakov).	All	 samples	are	 from	 the	Udachnaya	kimberlite	pipe,	Yakutia,	Russia.	 This	
pipe	 is	 famous	 for	 yielding	 fresh	 unaltered	 xenoliths,	 both	 peridotitic	 (Yaxley	 et	 al.,	
2012)	and	eclogitic	(Snyder	et	al.,	1997).	Xenoliths	from	the	Udachnaya	kimberlite	pipe	
have	 been	 extensively	 studied	 (Boyd	 et	 al.,	 1997;	 Misra	 et	 al.,	 2004;	 Snyder	 et	 al.,	
1997;	1993;	Spetsius,	2004;	Yaxley	et	al.,	2012).	In	this	project	the	oxygen	fugacities	of	
the	 eclogite	 xenoliths	 are	 determined	 in	 order	 to	 test	 the	 calibrated	 oxybarometer	
reactions	and	to	evaluate	the	xenoliths’	redox	state	relative	to	carbonate	stability.	
	
Unfortunately	 clinopyroxene	 in	 7	 of	 the	 samples	 is	 severely	 altered	 (replaced	 by	
serpentine);	and	therefore	they	cannot	be	used	for	fO2	determinations.	Two	samples,	
UV-09-587	 and	 UV-10-502,	 had	 unaltered	 clinopyroxene	 and	 kyanite	 and	 coesite	 as	
accessory	phases.	
Both	 samples	were	 obtained	 as	 ≈10-15	 cm	 long	 slabs	 (5	mm	 thick)	 cut	 from	whole	
eclogite	xenoliths	(Figure	8.1).		
In	 a	 macroscopic	 study	 of	 these	 samples,	 we	 observed	 large,	 unaltered	 grains	 of	
clinopyroxene	 and	 garnet,	 around	 8	 mm	 in	 diameter.	 In	 sample	 UV-10-502	 kyanite	
crystals	were	relatively	large	in	size,	up	to	4	mm	in	diameter.	The	other	sample	exhibits	
a	few	smaller,	blue	grains	of	kyanite	(<4	mm	in	diameter)	(Figure	8.1).	Samples	were	
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split	 in	 half	 so	 that	 standard	 polished	 thin	 sections	 could	 be	 made	 from	 them	 by	
Australian	Petrographics,	Queanbeyan,	NSW,	Australia.	
	
Back-scattered	 electron	 (BSE)	 images	 were	 obtained	 for	 both	 thin	 sections	 using	 a	
Hitachi	FESEM,	at	the	Centre	of	Advanced	Microscopy,	ANU	(Figures	8.2	and	8.3).	The	
general	 distribution	 of	 phases	 in	 UV-09-587	 is	 even	 throughout	 the	majority	 of	 the	
examined	 sample.	 However,	 near	 the	 sample	 rim	 there	 is	 a	 1	 cm	 layer	 of	 altered	
material	 where	 it	 was	 in	 contact	 with	 the	 host	 kimberlite	 material.	 No	 kyanite	 or	
coesite	 was	 observed	 in	 that	 area	 and	 clinopyroxene	 is	 completely	 altered	 to	
serpentine	 (Figure	 8.2).	 This	 was	 not	 observed	 in	 sample	 UV-10-502	 in	 which	 both	
kyanite	and	unaltered	clinopyroxene	were	observed	through	the	whole	sample	volume	
(Figure	8.3).		
Quantitative	EDS	analyses	of	garnet,	clinopyroxene,	kyanite	and	coesite	were	obtained	
from	both	samples	using	the	SEM	(CAM,	ANU).	Data	are	presented	in	Table	8.1.	
	
Figure	 8.1.	 Photographic	 images	 of	 slab	 cuts	 of	 eclogite	 xenoliths	 from	 Udachanya	
kimberlite	pipe,	Yakutia,	Russia.	UV-10-502	on	the	left	and	UV-09-587	on	the	right.	
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Figure	8.2.	BSE	image	mapping	of	UV-09-587	kynite-bearing	eclogite	xenolith	as	a	thin	
section.	The	size	of	the	sample	on	thin	section	is	4	by	2	cm.	The	phases	of	interest	are	
identified	with	arrows.	Top	right	corner	is	kimberlite	material,	above	the	blue	dashed	
line.	
	
Figure	 8.3.	 BSE	 image	mapping	 of	UV-10-502	 kyanite-bearing	 eclogite	 xenoliths.	 The	
rim	to	core	of	the	sample	is	from	left	to	right	side	of	the	image.	The	size	of	the	sample	
on	thin	section	is	3	by	3	cm.	The	phases	of	interest	are	identified	with	arrows.	
	
Sample	composition	
Garnet	compositions	from	both	xenoliths	have	low	Cr2O3,	and	high	CaO	contents,	and	
are	typical	of	eclogitic	garnets	from	many	other	studies	(Mikhail	et	al.,	2013;	Snyder	et	
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al.,	1997)	(Table	8.1).	Garnet	from	UV-09-587	has	lower	Mg#	than	garnet	from	UV-10-
052	(27	and	51	respectively).	Chemical	zonation	between	various	grains	from	different	
areas	of	samples	and	within	single	grains	was	not	detected	 for	both	eclogite	garnets	
(low	standard	deviations	in	Table	8.1).	
Clinopyroxenes	 from	 both	 samples	 are	 omphacitic	 (Na2O	 wt%	 is	 3.15	 and	 7.66;	
Diopside-Hedenbergite	–	71	and	37	mol%;	Jadeite	–	20	and	51	mol%	of	UV-09-587	and	
UV-10-502	 respectively)	 (Table	 8.1).	 Thin	 rims	 of	 serpentinization	 can	 be	 observed	
around	 clinopyroxene	 grains	 in	 both	 samples.	 	 Once	 again	 no	 chemical	 zoning	 was	
observed	 in	 clinopyroxene	 samples,	 as	 shown	by	 low	 standard	 deviation	 of	multiple	
analyses	from	each	sample	(Table	8.1).	
Kyanite	 and	 coesite	 were	 identified	 in	 both	 samples	 (Table	 8.1).	 Both	 minerals	 are	
distributed	throughout	all	areas	of	 the	samples.	However	coesite	generally	occurs	as	
smaller	crystals	interstitial	to	garnet	and	clinopyroxene,	or	as	small	inclusion	in	garnets	
in	both	samples	(up	to	15	microns).	 In	contrast,	kyanite	occurs	as	 large	grains	with	a	
rounded	shape	(up	to	4	mm	in	diameter)	in	sample	UV-10-502	and	as	interstitial	phase	
(up	to	2	mm	long)	in	other	sample	(Figures	8.3	and	8.2).	
	
Estimation	 of	 the	 oxidation	 state	 of	 these	 kyanite-bearing	 eclogite	 xenoliths	 require	
accurate	 and	 precise	 determination	 of	 the	 Fe3+/ΣFe	 ratio	 in	 garnets.	 This	 was	
determined	by	the	electron	microprobe-based	“flank”	method	(Hofer	and	Brey,	2007).	
The	procedures	and	principles	of	the	technique	are	described	in	Chapter	5.	The	results	
of	 the	 ratio	measurements	 are	 given	 in	 Table	 5.3	 and	 summarized	 in	 Table	 8.1.	 The	
results	of	the	“flank”	analyses	combined	with	the	quantitative	analyses	of	garnets	are	
used	 to	 estimate	 ferric	 iron	 contents	 in	 the	 garnets.	 This	 enabled	 the	 calculation	 of	
mole	 fractions	 of	 cations	 in	 the	 garnets,	 which	 were	 used	 to	 calculate	 activities	 of	
garnet	solid	solution	components	used	in	the	oxybarometer	formulations.	
	
The	results	of	test	estimation	of	fO2	
The	determination	of	oxygen	fugacity	is	critically	dependent	on	the	precise	estimates	
of	both	 the	pressure	 and	 temperature	of	 sample	equilibration.	However	 this	 part	of	
the	project	aims	to	compare	both	oxybarometer	reactions	to	each	other	on	complex	
system	 of	 natural	 samples.	 Therefore	 the	 estimation	 of	 actual	 pressure	 and	
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temperature	 of	 equilibration	 is	 not	 necessary.	 The	model	 pressure	 of	 30	 kbars	 was	
used	in	the	calculations	for	both	samples.	Given	that	the	aim	of	these	calculations	was	
to	 test	 the	 experimental	 and	 thermodynamic	 calibrations	 of	 both	 the	 kyanite	 and	
hedenbergite	 oxybarometer	 reactions	 for	 internal	 consistency,	 this	 is	 a	 valid	
assumption.	 Geothermometery	 was	 based	 on	 exchange	 of	 Mg	 and	 Fe2+	 between	
clinopyroxene	 and	 garnet	 (Kd	 –	 distribution	 coefficient	 in	 Table	 8.2)	 using	 the	
calibration	 of	 (Krogh,	 1988).	 Resultant	 temperatures	 are	 967	 oC	 for	 UV-09-587	 and	
1093	oC	for	UV-10-502.	
	
The	 activities	 of	 components	 of	 both	 clinopyroxene	 and	 garnet	 from	 both	 samples	
were	derived	from	the	analyzed	composition	(Table	8.1)	and	the	activity-composition	
models	 described	 in	 Chapter	 6,	 at	 P=30	 kbars	 and	 the	 calculated	 temperatures.	 The	
calculated	 activities	 of	 the	 principle	 components	 (hedenbergite	 in	 clinopyroxene;	
grossular,	almandine	and	andradite	in	garnet)	are	given	in	Table	8.2.			
	
Sample	UV-10-502	has	 a	 significant	differences	 in	 log	 fO2	 values	 calculated	using	 the	
two	oxybarometer	 reactions.	 The	 {Hed}	barometer	 returned	 log	 fO2	of	 -5.55	and	 the	
{Ky}	 barometer	 returned	 log	 fO2	 of	 -7.5	 units.	 Possible	 explanations	 for	 such	 a	
discrepancy	 include	 the	 large	 difference	 between	 valid	 equilibration	 pressure	 and	
model	pressure	of	30	kbars.	Therefore	the	calculated	temperature	 is	possibly	wrong,	
too	high	and	doesn’t	follow	Udachnaya	kimberlite	xenoliths	geotherms	of	40-42	mWm-
2	(Beyer	et	al.,	2015)	(Figure	8.6).		Temperature	has	significant	effect	on	calculation	of	
oxygen	fugacity:	uncertainty	 in	30	oC	can	impact	to	uncertainty	of	up	to	1	 log	unit	of	
oxygen	fugacity.		
	
On	other	hand	almost	identical	values	of	log	fO2	for	sample	UV-09-587	are	returned	by	
the	 hedenbergite	 and	 kyanite-based	 oxybarometer	 reactions:	 -8.69	 {Hed}	 and	 -8.56	
{Ky}.	The	estimated	temperature	at	the	model	pressure	lies	on	the	geotherm	proposed	
for	 the	 Siberian	 Craton	 under	 the	 Udachnaya	 kimberlite	 at	 the	 time	 of	 its	 eruption	
(Ashchepkov	 et	 al.,	 2000;	 Beyer	 et	 al.,	 2015).	 The	 same	 values	 of	 oxygen	 fugacities	
state	 that	all	minerals	 in	equilibrium,	and	that	both	oxybarometer	 reactions	are	well	
calibrated	and	in	good	agreement	with	one	another.	
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Modelling	the	DCCD/G	reaction		
	
Carbonate	 versus	 diamond	 stability	 in	 eclogite	 assemblages	 is	 defined	 by	 the	 redox	
reaction	DCDD/G	(Luth,	1993):	
CaMg(CO3)2	+	2SiO2=CaMgSi2O6	+	2C	+O2													(Equation	8.1)	
Dolomite					Coesite			Diopside			Diamond/Graphite	
It	is	important	to	find	the	position	of	this	redox	reaction	in	P-T-fO2	space	to	understand	
the	formation	of	diamonds	from	carbonate-bearing	eclogites.	At	given	PT	conditions,	
the	 reaction	 is	 in	 equilibrium	 at	 particular	 fixed	 oxygen	 fugacity	 and	 activities	 of	
diopside	and	dolomite	(coesite	and	diamond	are	pure	phases,	therefore	their	activities	
equal	 to	 1).	 We	 conducted	 experiments	 on	 carbonate-saturated	 model	 eclogites	
(EA1+10%Ca,MgCO3	and	EA1+15%CaCO3)	 to	establish	oxygen	 fugacities	of	carbonate-
bearing	eclogites	 in	equilibrium	with	C0	(in	 this	 case	graphite	 capsule)	 (Chapter	7)	as	
the	 result	 of	 thermodynamic	 modelling	 and	 experimental	 calibration	 of	 newly	
developed	oxybarometer	reactions	(Equations	6.4	and	6.6).		
	
Therefore	the	experimental	results	can	be	used	to	establish	the	activity	of	dolomite	in	
the	dolomite	saturated	eclogite	assemblage	(EA1+10%Ca,MgCO3)	and	calcite-saturated	
eclogite	 rocks	 (EA1+15%CaCO3).	 Previous	 thermodynamic	 modelling	 of	 the	 system	
FeO-CaO-MgO-CO2	 in	 equilibrium	with	 natural	 eclogite	 rocks	 (Franzolin	 et	 al.,	 2010)	
and	 experimental	 studies	 of	 carbonate	 eclogite	 systems	 (Dasgupta	 and	 Hirschmann,	
2006;	Dasgupta	et	al.,	2005;	Kiseeva	et	al.,	2012;	Yaxley	and	Brey,	2004)	suggest	that	
the	 carbonate	 in	 equilibrium	with	 eclogite	 has	 a	 significant	MgCO3	 component.	 It	 is	
therefore	suggested	that	the	experimental	composition	EA+10%Ca,MgCO3	models	the	
approximate	 “maximum”	 likely	 dolomite	 activity	 and	 the	 other	 models	 the	
approximate	“minimum”	dolomite	activity	in	natural	eclogite	rocks.		
	
Both	 activities	 of	 dolomite	 are	 calculated	 with	 the	 following	 assumptions.	 Only	
experiments	 which	 crystallised	 stable	 carbonate	 were	 employed	 to	 calculate	 the	
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activities,	 since	 the	 DCDD/G	 reaction	 requires	 a	 stable	 carbonate	 phase	 (and	
preferably	 not	 melt	 where	 the	 carbonate	 activity-composition	 relationship	 is	
uncertain).	 Therefore	 we	 used	 experiments	 C4397	 (EA1+10%Ca,MgCO3,	 35	 kbars,	
900oC)	(Table	2.2)	and	C4681	(EA1+15%CaCO3,	30	kbars,	900oC)	as	runs	which	reacted	
well	 and	 exhibited	 a	 close	 approach	 to	 chemical	 equilibrium	 between	 all	 required	
phases:	 low	 standard	deviations	 for	multiple	 analyses	of	 each	phase	 (Tables	2.3,	 2.4	
and	Table	2.5).		
	
With	 known	 activities	 of	 dolomite	 and	 diopside	 the	 oxygen	 fugacity	 of	 DCDD/G	
reaction	can	be	derived	with	the	equation	(Luth,	1993):	
	
ΔlogfO2	(FsMC)=	-0.71734	+	0.13175P	+	(143.27	–	59.179P)/T	–	0.5	log	aDi		+	0.5	log	aDol		
(Equation	8.2)	
where	 FsMC	 is	 the	 ferrosillite-magnetite-coesite	 buffer	 reaction	 (the	 high	 pressure	
version	of	FMQ)	(Luth,	1993);	Pressure	is	in	GPa	and	Temperature		in	Kelvin;	aDi	is	the	
activity	of	diopside	and	aDol	is	the	activity	of	dolomite.		
	
If	the	Equation	8.2	is	rearranged:	
log	 aDol	 =2*(logfO2	 (sample)	 -	 logfO2	 (FsMC)	 –	 (-0.71734	 +	 0.13175P	 +	 (143.27	 –	
59.179P)/T	–	0.5	log	aDi)																																																																																								(Equation	8.3)	
where	logfO2	(FsMC)	for	P=35	kbars	and	T=900	oC	is	-7.19	and	for	P=30	kbars	and	T=900	
oC	is	-8.31	(Holland	and	Powell,	2011;	Luth,	1993).	
	
To	 calculate	 the	 activity	 of	 dolomite,	 only	 the	 activity	 of	 experimental	 diopside	 is	
required.	The	activity	calculation	is	based	on	the	activity-composition	model	described	
in	Chapter	5,	although	instead	of	Fe	in	the	position	M1	we	calculated	the	activity	with	
Mg	in	the	M1	position:	
Sample	 ΔGDi	 aDiopside	
C4397-Cpx	 -10858.81	 0.328	
C4681-Cpx	 -10625.38	 0.336	
where	 ΔGDi	 is	 the	 resulting	 energy	 of	 diopside	 in	 experimental	 clinopyroxene	 and	
aDiopside	is	the	activity	of	Diopside.	
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For	 experiment	 C4397	 (35	 kbar,	 900oC)	 the	 activity	 of	 dolomite	 calculated	 with	
Equation	8.3	 is	 logaDol=	 -0.183	or	 aDol	=0.657	 and	 for	C4681	 (30	 kbars	 and	900	 oC)	 is	
logaDol=	-1.15	or	aDol	=0.07.	
	
The	following	values	of	dolomite	activities:	aDol	=0.657	and	aDol	=0.07,	in	theory	bracket	
the	maximum	 and	 the	minimum	 activities	 of	 carbonate	 in	 equilibrium	with	 eclogite	
assemblage.	 The	 activities	 of	 diopside	 (0.328	 and	 0.336)	 in	 equilibrium	 with	 the	
carbonates	do	not	vary	dramatically	and	the	difference	in	values	potentially	does	not	
significantly	 affect	 the	 resulting	 oxygen	 fugacity	 variation	 of	 the	 DCDD/G	 reaction	
calculated	by	Equation	8.2	for	both	experimental	samples.	
	
Therefore	we	are	able	to	model	DCDD/G	reaction	in	P-T-fO2	space	with	known	activity	
of	diopside	(we	used	0.328	in	our	model)	and	a	range	of	dolomite	activities	from	0.07	
to	0.67.	We	employed	two	PT	models:	“cold”	slab	(5	oC	increase	per	km)	and	“hot”	slab	
(13	 oC	 increase	 per	 km)	 (Pollack	 and	 Chapman,	 1977).	 The	 results	 of	 modeling	 are	
presented	in	Figure	8.4.	
	
The	 difference	 between	 the	 loci	 of	 the	 oxygen	 fugacities	 of	DCDD/G	of	 the	 hot	 and	
cold	 slabs,	 with	 the	 same	 dolomite	 activities,	 is	 not	 significant	 at	 upper	 mantle	
conditions	 (dark	blue	 line	and	 red	 line	 in	Figure	8.4).	The	compositions	of	 carbonate	
and	 the	 eclogitic	 silicate	 phases	 in	 equilibrium	with	 it	 change	with	 temperature	 and	
pressure	 of	 equilibration	 (Kiseeva	 et	 al.,	 2012;	 Yaxley	 and	 Brey,	 2004),	 and	 so	 the	
activities	 of	 dolomite	 and	 diopside	 adjust	 continuously	 to	 changing	 PT	 conditions.	
However,	 the	 realistic	 range	 of	 dolomite	 activities	 between	 aDol=0.07	 and	 aDol=0.67	
shows	 that	 the	oxygen	 fugacity	 variation	 is	 limited	 to	 about	 1	 log	unit	 for	 the	 given	
activities	(blue	lines	of	“cold”	slab	in	Figure	8.4).		
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Figure	 8.4.	 The	 models	 of	 DCDD/G	 reaction	 (Equation	 8.2)	 with	 various	 dolomite	
activities	 (blue	 lines	 for	 “cold”	 slab	 and	 red	 line	 is	 for	 “hot”	 slab	 and	 aDol=0.07)	 in	
pressure	 and	 oxygen	 fugacity	 space.	 The	 redox	 reaction	 lines	 for	 carbon-bearing	
peridotites	 in	 comparison:	 EMOG/D	 –	 enstatite-magnesite-olivine-graphite/diamond	
for	 harzburgite	 assemblage	 and	 EMFDD	 –	 enstatite-magnesite-forsterite-diopside-
graphite/diamond	for	lherzolite	(Luth,	1993).	
	
	
In	comparison,	paths	for	carbon-bearing	harzburgite	(EMOG/D)	and	lherzolite	(EMFDD)	
reactions	in	P-ƒO2	space	are	calculated	for	a	cratonic	geotherm	(Pollack	and	Chapman,	
1977)	and	shown	in	Figure	8.4.	We	used	the	activities	of	phases	for	model	peridotite	
assemblages	 in	 equilibrium	 with	 Ca-Mg	 carbonate	 evaluated	 experimentally	 and	
modeled	 thermodynamically	 (Canil	 and	Scarfe,	 1990;	 Luth,	 1993)	 and	 calculated	 	 fO2	
with	following	equations	(Luth,	1993):	
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EMOG/D:		ΔlogfO2	(FsMC)=-0.68256	+	0.1332P	+	(329.5898	+	258.0536P)/T	–log	aForsterite		
+	0.5	log	aEnstatite	+	log	aMagnesite																																																																												(Equation	8.4)	
	
EMFDD:		ΔlogfO2	(FsMC)=-0.51839	+	0.08335P	+	T(-4.775*10-4	+	7.64169*10-6P)	-	
-		log	aForsterite	-		log	aDiopside		+	1.5	log	aEnstatite	+	log	aCalcite																																	(Equation	8.5)	
where	 pressure	 is	 in	 GPa	 and	 temperature	 is	 in	 Kelvin;	 FsMC	 is	 the	 ferrosillite-
magnetite-coesite	 buffer	 reaction	 (the	 high	 pressure	 version	 of	 FMQ);	 aDiopside	 =0.8,	
aMagnesite=aCalcite=0.3,	aForsterite=aEnstatite=0.9	(Luth,	1993)	
	
The	modeled	 redox	 reactions	 of	 carbon-bearing	 peridotites	 EMOG/D	 and	 EMFDD	 in	
natural	 assemblages	 will	 decrease	 the	 carbonate	 activities	 and	 therefore	 the	 lines	
should	move	to	lower	values	of	oxygen	fugacity	(Luth,	1993).		
	
Figure	 8.4	 shows	 a	 gap	 of	 >0.5	 log	 unit	 between	 DCDD/G	 (carbon-bearing	 eclogite,	
Equation	8.2)	and	EMFDD	(Equation	8.5)	(dark	blue	line	and	light	green	line	in	Figure	
8.4)	and	at	least	2	log	units	between	EMOG/D	(Equation	8.4)	(dark	blue	line	and	dark	
green	line).	The	following	gaps	represent	the	minimum	differences,	as	real	carbonate	
eclogites	 should	 have	 higher	 activities	 of	 dolomite	 which	 would	 result	 in	 DCDD/G	
moving	to	higher	values	of	oxygen	fugacity.	
	
This	 difference	 confirms	 that	 diamond	 could	 be	 stable	 in	 carbon-bearing	 eclogites	
whilst	carbonate	is	stable	in	carbon-bearing	peridotites,	at	the	same	depth	and	oxygen	
fugacity	 (Luth	 1993).	 The	 next	 step	 is	 estimation	 of	 oxygen	 fugacities	 of	 natural	
peridotite	 and	 eclogite	 xenoliths	 from	 kimberlite	 pipes	 with	 diamonds	 and	 without	
diamonds,	 and	 establishing	 DCDD/G	 reaction	 for	 those	 eclogite	 samples	 in	 P-T-	 fO2	
space.	
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The	 redox	 state	 of	 peridotite	 and	 eclogite	 xenoliths	 from	 Udachnaya	
kimberlite	pipe,	Yakutia,	Russia	
	
24	 coarsely	 crushed	 samples	 (maximum	 grain	 size	 of	 1	 mm)	 of	 bimineralic	 eclogite	
xenoliths	were	obtained	from	Novosibirsk	branch	of	Russian	Academy	of	Sciences	with	
help	 of	 Dmitry	 Zedgenizov.	 Two	 samples	 (UD-111-02	 and	 UD-107)	 are	 diamond-
bearing.	Shards	of	diamond	were	recovered	from	the	crushed	samples	and	identified	
with	 Raman	 spectroscopy.	 Samples	 of	 garnets	 from	 these	 samples	 were	 initially	
investigated	as	potential	garnet	standards	for	the	XANES	technique	for	measurement	
of	 Fe3+/ΣFe	 ratio	 in	 eclogite	 garnets	 (Chapter	 4)	 and	 so	 their	 Fe3+/ΣFe	 ratios	 were	
determined	 by	Mössbauer	 spectroscopy	 (Table	 4.3).	 The	majority	 of	 these	 eclogites	
contained	unaltered	clinopyroxene;	the	compositions	which	were	determined	by	SEM	
(CAM,	 ANU)	 are	 given	 in	 Table	 8.3.	 The	 presence	 of	 unaltered	 clinopyroxene	 in	
samples	 allowed	 us	 to	 estimate	 oxygen	 fugacity	 with	 hedenbergite-based	
oxybarometer	reaction	(Equation	6.4):	
5CaFeSi2O6					+					⅓Ca3Al2Si3O12					+	O2	=				2Ca3Fe2Si3O12					+				⅓Fe3Al2Si3O12				+		4SiO2						
Hedebergite							Grossular																													Andradite															Almandine										Coesite	
	
The	oxybarometer	reaction	between	clinopyroxene,	garnet	and	coesite	was	developed	
and	calibrated	with	experimental	series	of	carbonate	eclogite	with	excess	silica,	hence	
stable	coesite	in	the	experiments	(Chapter	6).		
	
However	experimental	studies	of	eclogite	 in	equilibrium	with	CO2-rich	melts	showed,	
that	 even	 silica	 poor	 eclogites	 can	 produce	 coesite	 (Kiseeva	et	 al.,	 2012;	 Yaxley	 and	
Brey,	2004).Moreover	in	nature,	coesite	can	be	often	found	as	an	inclusion	in	garnets	
from	xenoliths	derived	from	kimberlite	pipes	(Sobolev	et	al.,	1999)	(Figure	8.5).	Coesite	
along	 with	 garnets	 and	 omphacite	 can	 also	 be	 observed	 as	 inclusions	 in	 diamonds	
associated	 with	 eclogites	 (Harte,	 2010;	 Luth,	 1993;	 Snyder	 et	 al.,	 1997).	 Large	
phenocrysts	 of	 coesite	 have	 frequently	 been	 reported	 in	 eclogite	 xenoliths	 from	
several	 kimberlite	 pipes	 from	 various	 locations	 (Jacob	 et	 al.,	 2003).	 An	 association	
between	 coesite	 and	 diamond	 has	 been	 discovered	 in	 several	 cases	 in	 regional	
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ultrahigh	pressure	metamorphic	rocks	(Ruiz-Cruz	and	Sanz	de	Galdeano,	2013).	Thus	at	
high-pressure	conditions	coesite	can	be	considered	as	an	accessory	mineral	of	eclogite.	
	
Figure	8.5.	An	example	of	SiO2	(coesite)	inclusion	in	high-pressure	garnet	from	eclogite	
xenolith	UD-107	(Composition	is	in	Table	4.1)	
	
Therefore	 the	 application	 of	 hedenbergite-based	 oxybarometer	 reaction	 to	 these	
diamondiferous	 eclogite	 samples	 can	 be	 used	 to	 estimate	 the	 oxygen	 fugacity	 of	
samples’	 equilibration.	 This	 requires	 the	 determination	 of	 the	 equilibration	 pressure	
and	temperature.		
	
The	 only	 existing	 geobarometer	 for	 eclogite	 assemblage	 based	 on	 Ca-Tschermak	
component	of	clinopyroxene	(Beyer	et	al.,	2015).	This	cannot	be	used	in	these	samples	
due	 to	 the	 negligible	 Ca-Tschermak	 component	 in	 their	 clinopyroxene	 (Table	 8.3).	
However,	based	on	other	eclogite	xenoliths	from	Udachnaya,	Beyer	(Beyer	et	al.,	2015)	
estimated	PT	conditions	of	equilibration	that	follow	two	conductive	mantle	geotherms	
of	40	and	42	mWm-2	(Pollack	and	Chapman,	1977)	(dashed	lines	in	Figure	8.6).		
	
It	 is	 then	 assumed	 that	 the	 pressure	 and	 temperature	 of	 equilibration	 of	 eclogite	
xenolith	from	the	same	kimberlite	pipe	should	have	been	on	the	same	geotherm	prior	
to	 sampling	 by	 the	 host	 kimberlite.	 By	 calculating	 temperatures	 with	 the	 garnet-
clinopyroxene	 Fe-Mg	 geothermometer	 (Krogh,	 1988)	 over	 a	 range	 of	 assumed	
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pressures,	 with	 respect	 to	 geotherms	 of	 40	 and	 42	 mWm-2	 (Pollack	 and	 Chapman,	
1977)	 the	 valid	 PT	 condition	 of	 sample	 equilibration	 (Table	 8.4)	 can	 be	 iteratively	
established.	 Pressure	 range	 was	 set	 as	 ±5	 kbars,	 the	 uncertainty	 of	 calculated	
temperature	(Krogh,	1988)	is	based	on	that	range	(error	bars	of	blue	diamond	symbols	
in	Figure	8.6).	The	calculated	PT	conditions	for	diamond-bearing	samples	UD-107	and	
UD-111-02	were	also	compared	to	the	univariant	graphite/diamond	transition	curve	in	
P-T	space	(Day,	2012)	(Figure	8.6).		
	
Figure	 8.6.	 Established	 temperature	 and	 pressure	 of	 Udachnaya	 xenoliths:	 eclogites	
(this	project)	–	blue	diamonds,	peridotites	(Yaxley	et	al.,	2012.)	–	red	circles,	eclogites	
(Beyer	 et	 al.	 2015)	 –	 blue	 triangles);	 bright	 blue	 diamonds	 are	 diamond-bearing	
eclogite	 samples.	 Uncertainty	 of	 pressure	 is	 ±5	 kbars;	 dashed	 lines	 are	 conductive	
mantle	geotherms	of	40	and	42	mWm-2(Pollack	and	Chapman,	1977);	solid	black	line	is	
graphite/diamond	transition	curve	(Day,	2012).	
	
The	existing	data	on	geothermobarometry	of	peridotite	garnets	from	Udachnaya	pipe	
(Yaxley	 et	 al.,	 2012)	 also	 follow	 the	 same	 geotherms	 as	 the	 eclogite	 samples	 (red	
circles	of	peridotite	xenoliths	in	Figure	8.6,	Table	8.6).	Temperature	was	estimated	by	
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empirical	correction	by	(Taylor,	1998)	based	on	the	Ca-in-orthopyroxene	thermometer	
(Brey	 and	 Kohler,	 1990)	 with	 respect	 to	 pressure	 calculated	 by	 Al-in-orthopyroxene	
barometer	(Nickel	and	Green,	1985).	Good	agreement	in	PT	conditions	of	equilibration	
between	eclogite	 and	peridotite	 xenoliths	 of	Udachanya	 kimberlite	 pipe	 confirm	 the	
validity	of	the	estimated	values	of	pressure	and	temperature	for	the	current	eclogite	
xenoliths.	
	
The	observation	that	all	xenoliths,	both	eclogitic	and	peridotitic	are	restricted	to	a	very	
narrow	range	of	PT	conditions	close	to	two	conductive	mantle	geotherms	of	40	and	42	
mWm-2	(Figure	 8.6)	 is	 evidence	 for	 the	 coexistence	 of	 eclogite	 bodies	 ((Beyer	 et	 al.,	
2015)	 and	 this	 project)	 with	 peridotite	 mantle	 (Yaxley	 et	 al.,	 2012)	 in	 the	 mantle	
section	sampled	by	the	Udachnaya	kimberlite.		
	
The	calculated	 temperatures	and	pressures	of	equilibration	enable	estimation	of	 the	
oxygen	 fugacity	 of	 the	 two	 diamondiferous	 eclogite	 xenoliths	 (Table	 8.3)	 using	 the	
{Hed}	oxybarometer	(Equation	6.4).	The	results	of	calculations	illustrated	in	Figure	8.7.	
	
The	 necessary	 parts	 of	 fO2	 calculation	 are	 compositional	 analysis	 of	 garnet	 and	
clinopyroxene	 (Table	 4.3	 and	 Table	 8.3	 respectively),	 the	 accurate	 determination	 of	
Fe3+/ΣFe	 ratio	 in	 garnets	 (measured	 by	Mössbauer	 spectroscopy,	 Table	 4.3)	 and	 the	
evaluation	of	hedenbergite,	grossular,	almandine	and	andradite	activities	 (Table	8.5).	
The	 activities	 of	 clinopyroxene	 and	 garnet	 end-members	were	 derived	with	 activity-
composition	 models	 described	 in	 Chapter	 6.	 The	 main	 parts	 of	 activity	 calculation:	
mole	fractions,	the	free	Gibbs	energies	etc.,	are	given	in	Table	8.5.		
	
Calculated	 oxygen	 fugacities	 are	 proportional	 to	 the	 equilibration	 pressure	 of	 the	
samples	(blue	symbols	Figure	8.6).	Generally,	samples	from	lower	pressures	have	more	
oxidized	 fO2.	 The	 two	 diamond-bearing	 samples	 have	 significantly	 lower	 oxygen	
fugacities	even	though	they	were	derived	from	pressures	within	the	range	exhibited	by	
the	non-diamoniferous	samples.		
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Oxygen	 fugacity	 also	was	 calculated	 for	 peridotite	 xenolith	 samples	 (Table	 8.6)	with	
oxybarometer	 reaction	 developed	 by	 (Stagno	et	 al.,	 2014).	 The	 values	 of	 fO2	 do	 not	
have	 apparent	 correlation	 with	 the	 pressure	 (Figure	 8.7)	 or	 temperature	 of	
equilibration	 (Table	 8.6).	 All	 samples	 of	 peridotite	 xenoliths	 appear	 to	 be	 more	
reduced	than	eclogite	xenoliths.	Peridotite	xenoliths	did	not	have	reported	diamonds	
in	 their	 assemblages,	 although	 the	 Udachnaya	 kimberlite	 is	 highly	 diamondiferous	
(Yaxley	et	al.,	2012)	
 
Figure	 8.7.	 Oxygen	 fugacity	 estimated	 by	 [Hed]	 versus	 pressure	 of	 xenoliths	 from	
Udachnaya	kimberlite	pipe.	Blue	symbols	are	eclogite	xenoliths	(this	study);	bright	blue	
symbols	 are	 diamond-bearing	 ones;	 dark	 blue	 –	 possibly	metasomatised;	 red	 circles	
are	peridotite	xenoliths;	dashed	line	–	EMOG/D	reaction	trendline;	solid	line	–	DCDD/G	
reaction	trendline.	
	
Additionally	 the	 oxygen	 fugacity	 was	 calculated	 at	 estimated	 PT	 conditions	 of	 the	
model	DCDD/G	reaction	(Luth,	1993)	based	on	the	activities	of	diopside	in	the	samples	
and	the	activity	of	dolomite	set	to	a	minimum	value	of	0.07	(Table	8.6).	The	fO2	values	
estimated	 in	 this	way	are	very	close	 (around	 -0.06	 relative	 to	FsMC),	 so	 that	a	 trend	
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line	 can	 be	 drawn	 through	 them	 (solid	 line	 in	 Figure	 8.7).	 The	 same	
carbonate/diamond	reaction	was	calculated	for	peridotite	xenoliths	of	Udachnaya.	The	
oxygen	fugacity	was	calculated	for	compositions	of	given	peridotite	samples	(Yaxley	et	
al.,	 2012)	 (Table	 8.6)	 and	 the	 activity	 of	 magnesite	 was	 set	 to	 0.5	 in	 the	 EMOG/D	
equation	(Stagno	and	Frost,	2010).	The	values	of	fO2	are	very	close	and	we	can	apply	a	
reaction	line	to	them	(dashed	line	in	Figure	8.6)	
	
The	difference	between	DCDD/G	and	EMOG/D	reaction	lines	suggest	that	diamond	is	
more	 likely	 to	 be	 stable	 in	 eclogite	 and	 carbonate	 is	 more	 likely	 to	 be	 stable	 in	
peridotite	at	 the	given	range	of	oxygen	 fugacities	 in	Udachanya	kimberlite	pipe.	This	
dramatic	 difference	 in	 oxygen	 fugacities	 between	 eclogite	 and	 peridotite	 may	 also	
explain	the	generally	higher	abundance	of	diamonds	associated	with	eclogites	and	the	
high	 proportion	 of	 inclusions	 of	 eclogitic	 association	 in	 some	 diamond	 populations	
(Cartigny,	 2005).	 Moreover,	 the	 reduced	 fO2	 of	 two	 diamond-bearing	 samples	
(comparatively	 to	 other	 eclogite	 xenoliths),	 closer	 to	 fO2	 values	 in	 the	 peridotite	
xenoliths	 raise	more	questions	 about	 the	 origin	 of	 carbon	 for	 diamond	 formation	 in	
eclogites:	 	 is	 it	 carbon-bearing	 fluid	 infiltration	 from	peridotites	 to	 lenses	of	 eclogite	
xenoliths?	Or	is	it	preserved	diamond	in	eclogite	rocks	with	long-time	stable	oxidation	
state?	Future	studies	with	additional	focus	on	carbon	isotopes	and	trace	elements	will	
potentially	be	able	to	answer	these	questions.	
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Table	2.4.	Compositions	of	experimental	clinopyroxene.	
	
Composition	 EA1+10%CaMgCO3	
	 	 	 	 	Sample	 UHP-232	 σ	 UHP-229	 σ	 C4398	 σ	 C4390	 σ	
T,	oC	 1300	
	
1200	
	
1100	
	
1000	
	P,	kbar	 60	
	
60	
	
35	
	
35	
	
	 	 	 	 	 	 	 	 	SiO2	 53.65	 0.33	 55.21	 0.52	 51.04	 0.21	 52.50	 0.80	
Al2O3	 16.77	 0.45	 14.11	 0.93	 11.67	 0.30	 12.40	 0.80	
FeO	 2.60	 0.12	 2.58	 0.00	 4.72	 0.25	 3.40	 0.40	
MgO	 6.92	 0.26	 7.95	 0.55	 9.84	 0.05	 9.60	 0.40	
CaO	 12.84	 0.28	 13.49	 0.90	 18.07	 0.34	 17.70	 0.50	
Na2O	 5.45	 0.16	 5.98	 0.42	 2.60	 0.20	 3.30	 0.10	
K2O	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	
Total	 98.23	 0.29	 99.31	 0.42	 97.93	 0.56	 99.00	 1.40	
	 	 	 	 	 	 	 	 	Si	{T}	 1.91	
	
1.96	
	
1.88	
	
1.90	
	ΣAl	 0.71	
	
0.59	
	
0.51	
	
0.50	
	Al	{T}	 0.09	
	
0.05	
	
0.13	
	
0.10	
		Al	{M1}	 0.62	
	
0.54	
	
0.38	
	
0.40	
	Fe	{M1}/{M2}	 0.08	
	
0.08	
	
0.15	
	
0.10	
	Mg	{M1}/{M2}	 0.37	
	
0.42	
	
0.54	
	
0.50	
	Ca	{M2}	 0.49	
	
0.51	
	
0.71	
	
0.70	
	Na	{M2}	 0.37	
	
0.41	
	
0.19	
	
0.20	
	Σ	Cations	 3.93	
	
3.96	
	
3.96	
	
4.00	
	
	 	 	 	 	 	 	 	 	Jadeite	 0.37	
	
0.41	
	
0.19	
	
0.20	
	Eskola	 0.16	
	
0.09	
	
0.07	
	
0.10	
	Tschermak	 0.09	
	
0.05	
	
0.13	
	
0.10	
	Diopside	 0.30	
	
0.39	
	
0.48	
	
0.50	
	Hedenbergite	 0.08	
	
0.08	
	
0.15	
	
0.10	
	Σ	End-members	 1.00	
	
1.01	
	
1.00	
	
1.00	
		
Note:	Compositions	are	given	as	averages	of	multiple	SEM	analyses	(minimum	6	spots);	
uncertainties	are	standard	deviations	and	based	on	multiple	spot	analyses.	Compositions	are	
the	same	fro	samples	within	the	separation	lines.	Cations	are	calculated	for	6	oxygen	atoms;	
{T}	-	tetrahedral	position,	{M1}	and	{M2}	–	separate	octahedral	positions.	Components	are	
calculated	using	spreadsheet	(Yapaskurt,	2005);	Jadeite	–	NaAlSi2O6;	Escola	–	Ca_AlSi2O6;	
Tschermak	-(Ca,Mg)AlAlSiO6;	Diopside	–	CaMgSi2O6;	Hedenebergite	–	CaFeSi2O6.		
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Table	2.4.	Compositions	of	experimental	clinopyroxene	(continue)	
	
Composition	
	 	 	 	 	
		 (EA1+10%CaCO3)97(K2CO3)3	
Sample	 C4409	 σ	 C4414	 σ	 C4397	 σ	 C4583	 σ	 C4582	 σ	
T,	oC	 950	
	
950	
	
900	
	
1100	
	
1000	
	P,	kbar	 35	
	
35	
	
35	
	
35	
	
35	
	
	 	 	 	 	 	 	 	 	 	 	SiO2	 53.95	 0.14	 51.86	 0.57	 53.60	 0.28	 50.72	 0.33	 50.54	 1.34	
Al2O3	 11.40	 0.58	 11.18	 1.43	 12.21	 0.25	 7.24	 1.40	 6.98	 2.23	
FeO	 2.99	 0.22	 3.55	 0.78	 2.73	 0.19	 11.55	 0.43	 10.27	 0.63	
MgO	 11.06	 0.61	 9.52	 0.78	 9.29	 0.18	 8.39	 0.82	 9.61	 0.54	
CaO	 18.39	 1.08	 17.13	 0.75	 15.84	 0.44	 19.38	 0.08	 19.08	 0.40	
Na2O	 3.27	 0.46	 3.37	 0.36	 4.64	 0.18	 2.28	 0.31	 2.45	 0.33	
K2O	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.02	 0.02	 0.01	 0.02	
Total	 101.06	 0.69	 96.61	 1.00	 98.31	 0.28	 99.59	 0.20	 98.95	 0.47	
	 	 	 	 	 	 	 	 	 	 	Si	{T}	 1.90	
	
1.92	
	
1.93	
	
1.91	
	
1.90	
	ΣAl	 0.47	
	
0.49	
	
0.52	
	
0.32	
	
0.31	
	Al	{T}	 0.10	
	
0.08	
	
0.07	
	
0.10	
	
0.11	
		Al	{M1}	 0.38	
	
0.40	
	
0.45	
	
0.23	
	
0.20	
	Fe	{M1}/{M2}	 0.09	
	
0.11	
	
0.08	
	
0.36	
	
0.32	
	Mg	{M1}/{M2}	 0.58	
	
0.52	
	
0.50	
	
0.47	
	
0.54	
	Ca	{M2}	 0.70	
	
0.68	
	
0.61	
	
0.78	
	
0.77	
	Na	{M2}	 0.22	
	
0.24	
	
0.32	
	
0.17	
	
0.18	
	Σ	Cations	 3.96	
	
3.96	
	
3.97	
	
4.00	
	
4.01	
	
	 	 	 	 	 	 	 	 	 	 	Jadeite	 0.22	
	
0.24	
	
0.32	
	
0.13	
	
0.10	
	Eskola	 0.06	
	
0.08	
	
0.06	
	
0.00	
	
0.00	
	Tschermak	 0.10	
	
0.08	
	
0.07	
	
0.10	
	
0.11	
	Diopside	 0.54	
	
0.49	
	
0.47	
	
0.41	
	
0.48	
	Hedenbergite	 0.09	
	
0.11	
	
0.08	
	
0.33	
	
0.24	
	Σ	End-members	 1.00	
	
1.00	
	
1.00	
	
1.00	
	
1.00	
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Table	2.4.	Compositions	of	experimental	clinopyroxene	(continue)	
	
Composition	 (EA1+10%Ca,MgCO3)95(K2CO3)5	 *	in	Note	 EA1+15%CaCO3	
	Sample	 C4541	 σ	 C4438	 σ	 C4443	 σ	 C4613	 σ	 C4612	 σ	
T,	oC	 1100	
	
1000	
	
1000	
	
1200	
	
1100	
	P,	kbar	 35	
	
35	
	
35	
	
35	
	
35	
	
	 	 	 	 	 	 	 	 	 	 	SiO2	 51.04	 0.65	 51.62	 1.19	 53.1	 0.8	 49.55	 0.36	 51.79	 0.22	
Al2O3	 12.39	 0.99	 8.92	 2.16	 10.4	 0.6	 12.54	 1.51	 8.19	 1.01	
FeO	 4.22	 0.02	 5.76	 1.70	 3.0	 0.2	 7.47	 0.57	 9.40	 0.84	
MgO	 9.65	 0.47	 10.81	 0.76	 11.2	 0.3	 8.32	 1.06	 9.26	 0.17	
CaO	 18.79	 0.05	 18.80	 1.40	 18.5	 0.6	 18.40	 0.31	 18.87	 0.24	
Na2O	 2.78	 0.06	 2.55	 0.96	 3.3	 0.2	 2.40	 0.13	 2.43	 0.11	
K2O	 0.00	 0.00	 0.06	 0.02	 0.0	 0.0	 0.00	 0.00	 0.00	 0.00	
Total	 98.87	 0.90	 98.51	 1.02	 99.4	 1.8	 98.69	 0.77	 99.94	 0.36	
	 	 	 	 	 	 	 	 	 	 	Si	{T}	
	 	
1.90	
	
1.9	
	
1.83	
	
1.91	
	ΣAl	
	 	
0.39	
	
0.4	
	
0.55	
	
0.36	
	Al	{T}	
	 	
0.10	
	
0.1	
	
0.17	
	
0.09	
		Al	{M1}	
	 	
0.29	
	
0.4	
	
0.38	
	
0.27	
	Fe	{M1}/{M2}	
	 	
0.17	
	
0.1	
	
0.23	
	
0.29	
	Mg	{M1}/{M2}	
	
0.59	
	
0.6	
	
0.46	
	
0.51	
	Ca	{M2}	
	 	
0.74	
	
0.7	
	
0.73	
	
0.75	
	Na	{M2}	
	 	
0.18	
	
0.2	
	
0.17	
	
0.17	
	Σ	Cations	
	 	
3.99	
	
4.0	
	
3.98	
	
3.99	
	
	 	 	 	 	 	 	 	 	 	 	Jadeite	
	 	
0.18	
	
0.2	
	
0.17	
	
0.17	
	Eskola	
	 	
0.02	
	
0.0	
	
0.04	
	
0.01	
	Tschermak	
	 	
0.10	
	
0.1	
	
0.17	
	
0.09	
	Diopside	
	 	
0.53	
	
0.6	
	
0.39	
	
0.44	
	Hedenbergite	
	 	
0.17	
	
0.1	
	
0.23	
	
0.29	
	Σ	End-members	
	
1.00	
	
1.0	
	
1.00	
	
1.00	
		
Note:	*	is	the	composition	-	(EA1+10%Ca,MgCO3)94(K2CO3)3(Mg(OH)2)3	
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Table	2.4.	Compositions	of	experimental	clinopyroxene	(continue)	
	
Composition	
	 	 	 	 	 	 	 	
EA1	
	Sample	 C4606a	 σ	 C4686	 σ	 C4605	 σ	 C4681	 σ	 C4832	 σ	
T,	oC	 1000	
	
1000	
	
900	
	
900	
	
1000	
	P,	kbar	 35	
	
30	
	
35	
	
30	
	
35	
	
	 	 	 	 	 	 	 	 	 	 	SiO2	 52.83	 1.03	 51.65	 0.44	 53.97	 0.32	 52.59	 0.30	 52.78	 0.54	
Al2O3	 5.70	 0.54	 13.01	 0.83	 11.60	 1.45	 10.31	 0.38	 14.48	 0.69	
FeO	 10.14	 1.33	 5.22	 0.29	 3.74	 0.41	 4.94	 0.78	 4.14	 0.77	
MgO	 10.34	 0.37	 8.23	 0.70	 9.19	 0.80	 9.23	 0.41	 8.24	 0.62	
CaO	 19.51	 0.32	 17.93	 0.59	 16.66	 0.85	 17.10	 0.14	 14.17	 0.66	
Na2O	 2.67	 0.11	 3.19	 0.14	 4.36	 0.42	 3.76	 0.23	 4.71	 0.65	
K2O	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	
Total	 101.19	 1.87	 99.24	 0.91	 99.52	 0.52	 97.93	 0.23	 98.51	 0.55	
	 	 	 	 	 	 	 	 	 	 	Si	{T}	 1.93	
	
1.88	
	
1.93	
	
1.93	
	
1.90	
	ΣAl	 0.25	
	
0.56	
	
0.49	
	
0.45	
	
0.61	
	Al	{T}	 0.07	
	
0.12	
	
0.07	
	
0.07	
	
0.10	
		Al	{M1}	 0.18	
	
0.44	
	
0.42	
	
0.38	
	
0.51	
	Fe	{M1}/{M2}	 0.32	
	
0.16	
	
0.11	
	
0.15	
	
0.12	
	Mg	{M1}/{M2}	 0.56	
	
0.45	
	
0.49	
	
0.51	
	
0.44	
	Ca	{M2}	 0.77	
	
0.70	
	
0.64	
	
0.67	
	
0.55	
	Na	{M2}	 0.19	
	
0.22	
	
0.30	
	
0.27	
	
0.33	
	Σ	Cations	 4.00	
	
3.97	
	
3.97	
	
3.98	
	
3.95	
	
	 	 	 	 	 	 	 	 	 	 	Jadeite	 0.11	
	
0.22	
	
0.30	
	
0.27	
	
0.33	
	Eskola	 0.00	
	
0.10	
	
0.05	
	
0.04	
	
0.08	
	Tschermak	 0.07	
	
0.12	
	
0.07	
	
0.07	
	
0.10	
	Diopside	 0.51	
	
0.40	
	
0.47	
	
0.47	
	
0.37	
	Hedenbergite	 0.23	
	
0.16	
	
0.11	
	
0.15	
	
0.12	
	Σ	End-members	 1.00	
	
1.00	
	
1.00	
	
1.00	
	
1.00	
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Table	2.5.	Compositions	of	minor	phases	in	experimental	samples.	
	
Sample	 T,	oC	 P,	kbar	 SiO2	 Al2O3	 FeO	 MgO	 CaO	 Na2O	 K2O	 Total	
EA1	+	10%Ca,MgCO3	 	 	 	 	 	 	 	 	 	
C4398-Melt	 1100	 35	 54.14	 14.39	 3.83	 2.32	 9.99	 2.11	 0.00	 86.77	
σ	
	 	
0.18	 0.03	 0.09	 0.04	 0.06	 0.05	 0.00	 0.20	
C4390-Melt	 1000	 35	 51.0	 13.0	 2.20	 2.00	 8.30	 1.70	 0.00	 78.17	
σ	
	 	
1.90	 0.50	 0.50	 0.90	 1.10	 0.30	 0.00	 2.40	
C4409-Melt	 950	 35	 52.63	 12.07	 1.40	 1.76	 6.95	 1.38	 0.00	 76.20	
σ	
	 	
4.93	 1.18	 0.30	 1.38	 2.27	 0.60	 0.00	 7.68	
C4414-Melt	 950	 35	 36.44	 30.63	 3.68	 8.06	 4.37	 1.64	 0.00	 84.82	
σ	
	 	
1.30	 2.58	 1.49	 0.34	 1.67	 0.34	 0.00	 1.08	
C4397-Carb	 900	 35	 1.51	 0.39	 2.60	 5.94	 44.13	 0.13	 0.00	 54.69	
σ	
	 	
1.07	 0.29	 0.06	 0.11	 1.36	 0.10	 0.00	 0.26	
UHP232-Cor	 1300	 60	 0.33	 94.27	 2.35	 0.29	 0.21	 0.06	 0.00	 97.51	
UHP232-Coes	 1300	 60	 99.40	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 99.40	
UHP229-Ky	 1200	 60	 35.31	 59.83	 0.59	 0.18	 0.12	 0.00	 0.00	 96.03	
UHP229-Coes	 1200	 60	 100.0	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 100.00	
C4398-Coes	 1100	 35	 99.60	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 99.60	
C4390-Coes	 1000	 35	 101.1	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 101.10	
C4390-Ky	 1000	 35	 36.10	 60.70	 0.80	 0.30	 0.20	 0.10	 0.00	 98.03	
C4414-Coes	 950	 35	 99.20	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 99.20	
C4414-Ky	 950	 35	 26.81	 70.12	 0.50	 0.14	 0.09	 0.00	 0.00	 97.66	
C4397-Coes	 900	 35	 98.90	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 98.90	
C4397-Ky	 900	 35	 38.05	 55.04	 1.04	 1.08	 1.71	 0.56	 0.00	 97.48	
	 	 	 	 	 	 	 	 	
EA1	+	10%Ca,MgCO3	+K2CO3	
	 	 	 	 	 	 	 	C4541-Melt	 1100	 35	 55.33	 14.69	 2.18	 1.22	 6.33	 1.73	 4.46	 85.92	
σ	
	 	
3.17	 0.77	 0.42	 0.36	 2.68	 0.02	 0.16	 0.62	
C4583-Melt*	 1100	 35	 22.98	 5.43	 20.14	 1.78	 2.91	 4.48	 7.46	 65.18	
C4582-Melt	 1000	 35	 36.74	 15.40	 16.57	 13.51	 2.83	 0.43	 8.02	 93.50	
σ	
	 	
0.78	 1.22	 0.77	 1.47	 3.37	 0.07	 1.86	 1.34	
C4438-Melt	 1000	 35	 58.63	 14.29	 1.14	 1.26	 2.39	 1.21	 5.79	 84.71	
σ	
	 	
2.80	 0.35	 0.30	 1.04	 1.58	 0.36	 1.46	 2.59	
C4443-Melt	 1000	 35	 52.10	 14.90	 1.40	 1.40	 3.30	 1.30	 7.00	 81.31	
σ	
	 	
2.60	 1.00	 0.50	 0.40	 0.80	 0.30	 0.60	 1.80	
C4438-Carb*	 1000	 35	 0.22	 0.12	 2.89	 5.23	 44.65	 0.10	 0.11	 53.32	
C4443-Carb	 1000	 35	 1.30	 0.60	 1.30	 4.30	 45.40	 0.20	 0.10	 53.13	
σ	
	 	
0.40	 0.30	 0.20	 0.00	 0.40	 0.00	 0.00	 0.50	
C4582-Coes	 1000	 35	 99.2	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 99.20	
C4438-Feld	 1000	 35	 61.29	 16.88	 0.63	 1.14	 2.20	 1.05	 13.0	 96.16	
C4443-Coes	 1000	 35	 98.70	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 98.70	
C4443-Cor	 1000	 35	 0.40	 98.70	 1.20	 0.20	 0.00	 0.00	 0.00	 100.54	
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Table	2.5.	Compositions	of	minor	phases	in	experimental	samples	(continue)	
	
Sample	 T,	oC	 P,	kbar	 SiO2	 Al2O3	 FeO	 MgO	 CaO	 Na2O	 K2O	 Total	
EA1+15%CaCO3	
	
	 	 	 	 	 	 	 	
C4613-Melt	 1200	 35	 45.75	 12.71	 5.52	 0.95	 12.96	 1.65	 0.00	 79.54	
σ	
	 	
3.78	 2.24	 2.53	 0.52	 1.59	 0.35	 0.00	 7.25	
C4612-Melt	 1100	 35	 34.73	 8.93	 9.19	 2.74	 17.47	 1.72	 0.00	 74.77	
σ	
	 	
0.30	 0.70	 0.45	 0.15	 0.45	 0.07	 0.00	 1.35	
C4606a-Melt	 1000	 35	 31.60	 18.21	 25.96	 4.63	 11.86	 2.12	 0.00	 94.38	
σ	
	 	
0.17	 4.27	 1.56	 0.65	 0.08	 1.95	 0.00	 4.78	
C4686-Melt	 1000	 30	 54.98	 12.36	 2.47	 1.20	 7.80	 2.41	 0.00	 81.20	
σ	
	 	
7.39	 2.52	 0.24	 0.91	 0.05	 0.65	 0.00	 10.47	
C4606a-Carb	 1000	 35	 5.35	 0.68	 12.72	 4.98	 23.40	 3.43	 0.00	 50.55	
σ	
	 	
2.57	 0.57	 7.72	 0.65	 7.37	 0.64	 0.00	 3.51	
C4686-Carb	 1000	 30	 0.00	 0.00	 2.80	 1.06	 48.92	 0.00	 0.00	 52.78	
σ	
	 	
0.00	 0.00	 0.17	 0.06	 1.08	 0.00	 0.00	 1.18	
C4605-Carb	 900	 35	 0.00	 0.00	 1.71	 1.73	 49.43	 0.00	 0.00	 52.87	
σ	
	 	
0.00	 0.00	 0.14	 0.05	 0.84	 0.00	 0.00	 0.92	
C4681-Carb	 900	 30	 0.68	 0.07	 9.73	 2.90	 40.41	 0.06	 0.00	 53.84	
σ	
	 	
1.35	 0.06	 1.37	 0.59	 2.93	 0.03	 0.00	 1.09	
C4613-Cor	 1200	 35	 7.61	 82.82	 2.93	 1.46	 3.62	 0.00	 0.00	 98.44	
C4606a-Coes	 1000	 35	 97.12	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 97.12	
C4606a-Ky	 1000	 35	 37.30	 65.50	 0.00	 0.00	 0.00	 0.00	 0.00	 102.80	
C4686-Coes	 1000	 30	 97.60	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 97.60	
C4605-Coes	 900	 35	 97.12	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 97.12	
C4605-Ky	 900	 35	 36.18	 62.24	 0.00	 0.00	 0.00	 0.00	 0.00	 98.42	
C4681-Coes	 900	 30	 96.56	 0.24	 0.46	 0.08	 0.26	 0.06	 0.00	 97.64	
C4681-Ky	 900	 30	 36.32	 57.84	 0.71	 0.52	 1.29	 0.31	 0.00	 96.98	
C4832-Ky	 1000	 35	 36.64	 61.71	 0.61	 0.11	 0.16	 0.08	 0.00	 99.31	
C4832-Coes	 1000	 35	 99.63	 0.05	 0.58	 0.05	 0.01	 0.05	 0.00	 100.37	
	
Note:	Compositions	are	averages	of	multiple	spot	analyses	of	minimum	3	spots.	σ	is	the	
standard	deviation.	*	is	the	sample	with	single	spot	analysis.	Kyanite,	coesite,	corundum,	
feldspar	are	given	without	standard	deviation	since	just	identification	in	a	sample	is	required	
for	those	minerals.		
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Table	2.6.	The	results	of	geothermometry	of	experimental	samples	
	
	 T,	K	 P,	kbar	 Kd	 T(K)Ellis	 T(K)Krogh	
EA1+10%(Ca,Mg)CO3	
	 	 	 	C4390-matrix	 1273	 35	 4.80	 1324	 1317	
C4397-matrix	 1173	 35	 6.40	 1181	 1164	
C4398-matrix	 1373	 35	 2.81	 1534	 1581	
229-matrix	 1473	 60	 3.15	 1578	 1619	
C4409-matrix	 1223	 35	 5.99	 1214	 1200	
232-matrix	 1573	 60	 3.12	 1600	 1640	
C4414-matrix	 1223	 35	 4.19	 1397	 1394	
C4390-layer	 1273	 35	 5.61	 1246	 1234	
C4397-layer	 1173	 35	 7.74	 1131	 1106	
C4398-layer	 1373	 35	 3.06	 1476	 1513	
229-layer	 1473	 60	 3.96	 1474	 1491	
C4409-layer	 1223	 35	 8.27	 1125	 1097	
232-layer	 1573	 60	 3.09	 1576	 1621	
C4414-layer	 1223	 35	 4.78	 1270	 1268	
EA1+10%(Ca,Mg)CO3	+	K2CO3	
	 	 	 	C4438-matrix	 1273	 35	 3.46	 1413	 1437	
C4443-average	 1273	 35	 8.05	 1141	 1113	
C4541-matrix	 1373	 35	 3.79	 1487	 1472	
C4582-matrix	 1273	 35	 4.81	 1401	 1359	
C4583-matrix	 1373	 35	 2.83	 1628	 1645	
C4438-layer	 1273	 35	 3.89	 1375	 1388	
C4443-layer	 1273	 35	 7.11	 1187	 1161	
C4541-layer	 1373	 35	 4.16	 1405	 1401	
C4582-layer	 1273	 35	 3.33	 1442	 1470	
C4583-layer	 1373	 35	 4.25	 1334	 1341	
EA1+15%CaCO3	
	 	 	 	 	C4605-matrix	 1173	 35	 6.02	 1181	 1167	
C4606a-matrix	 1273	 35	 9.70	 1045	 1014	
C4612-matrix	 1373	 35	 3.50	 1437	 1458	
C4613-matrix	 1473	 35	 3.19	 1553	 1561	
C4680-average	 1273	 40	 5.26	 1388	 1338	
C4681-average	 1173	 30	 4.54	 1259	 1258	
C4686-average	 1273	 30	 3.71	 1348	 1363	
C4832-average	 1273	 35	 4.19	 1315	 1322	
C4605-layer	 1173	 35	 5.86	 1216	 1203	
C4606a-layer	 1273	 35	 3.47	 1413	 1437	
C4612-layer	 1373	 35	 2.11	 1716	 1808	
C4613-layer	 1473	 35	 2.50	 1670	 1716	
	
Note:	T	is	experimental	temperature	in	Kelvins;	P	is	pressure	in	kbars;	Kd	–	distribution	
coefficient	calculated	from	averages	of	garnet	and	clinopyroxenes.	Geothermometers:	T	in	
Kelvins	(Ellis	and	Green,	1979)	and	T	in	Kelvins	(Krogh,	1989).		
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Table	3.2.	The	results	of	piston-cylinder	experimental	series	of	Fe-Pd	activity-
composition	model	calibration	
	
	
	
Note:		Alloy	type	is	the	starting	experimental	composition	of	Fe-Pd	alloy	(pure	Pd	or	Fe-Pd),	
both	composition	are	present	in	each	experimental	sample.	Temperature	in	oC	and	pressure	in	
kbars;	experimental	run	time	is	hours;	the	buffer	mix	composition	is	50%	of	metal	and	50%	of	
metal	oxide;	logfO2	(buf)	is	the	oxygen	fugacity	of	buffer	reaction	at	given	temperature	(see	
text);	n	is	the	amount	of	SEM	spot	analyses;	composition	of	metals	in	wt%;	σ	is	standard	
deviation	based	on	n	of	measurements;		XFe	and	XPd	are	mole	fractions	of	Fe	and	Pd	
respectively	calculated	from	compositons;	logfO2	(IW)	or	logfO2	(Fe-Fe3O4)	is	the	oxygen	
fugacity	of	Fe	phase	buffer	reaction,	in	case	of	stability	of	wustite	or	magnetite	(based	on	XRD	
scan);	log(aFe)	is	the	logarithm	of	activity	of	Fe	(aFe)	in	alloy	calculated	with	Equation	3.y	or	3.z;	
γFe	(est.)	is	calculated	activity	coefficient	from	estimated	activity	and	composition	of	Fe;	RTlnγFe	
is	the	excess	energy	of	mixing	of	Fe	in	Fe-Pd	alloy.	
	
	
	
	
	
Sample	 C4565	 C4565	 C4550	 C4544	 C4544	 C4778	 C4778	
Alloy	type	 Fe90Pd10	 Pd	 Pd	 Fe90Pd10	 Pd	 Fe90Pd10	 Pd	
T,oC	 900	 900	 900	 900	 900	 1000	 1000	
P,	kbar	 30	 30	 20	 10	 10	 5	 5	
T,	hours	 36	 36	 36	 36	 36	 20	 20	
Buffer	 Co-CoO	 Co-CoO	 Co-CoO	 Co-CoO	 Co-CoO	 Co-CoO	 Co-CoO	
logfO2	(buffer)	 -13.44	 -13.44	 -13.44	 -13.44	 -13.44	 -11.81	 -11.81	
	 	 	 	 	 	 	 	
n	 5	 6	 7	 5	 6	 5	 5	
Fe,	wt%	 15.6	 12.54	 12.5	 15.01	 13.65	 21.34	 16.39	
σ	 0.1	 0.71	 0.21	 0.24	 0.46	 0.44	 0.87	
Pd,	wt%	 82.41	 85.05	 85.52	 84.41	 83.34	 78.85	 86.22	
σ	 0.18	 0.58	 0.55	 0.65	 0.75	 1.07	 1.42	
Total	 98.01	 97.59	 98.02	 99.44	 96.99	 100.19	 102.61	
σ	 0.21	 0.84	 0.71	 0.75	 1.15	 1.36	 1.06	
	 	 	 	 	 	 	 	
XFe	 0.27	 0.22	 0.22	 0.25	 0.24	 0.34	 0.27	
XPd	 0.73	 0.78	 0.78	 0.75	 0.76	 0.66	 0.73	
	 	 	 	 	 	 	 	
logfO2	(IW)	 	 	 	 	 	 	 	
logfO2	(Fe-Fe3O4)	 -16.41	 -16.41	 -16.41	 -16.41	 -16.41	 -14.50	 -14.50	
log(aFe)	 -1.98	 -1.98	 -1.98	 -1.98	 -1.98	 -1.79	 -1.79	
aFe	 0.010	 0.010	 0.010	 0.010	 0.010	 0.016	 0.016	
γFe	(est.)	 0.040	 0.048	 0.048	 0.041	 0.044	 0.048	 0.061	
RTlnγFe	 -31509	 -29663	 -29595	 -31057	 -30452	 -32208	 -29599	
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Table	3.2.	The	results	of	piston-cylinder	experimental	series…	(continue)	
	
Sample	 C4782	 C4784	 C4784	 C4571	 C4571	
Alloy	type	 Fe90Pd10	 Fe90Pd10	 Pd	 Pd	 Fe90Pd10	
T,oC	 1100	 900	 900	 900	 900	
P,	kbar	 5	 5	 5	 10	 10	
T,	hours	 20	 20	 20	 36	 36	
Buffer	 Co-CoO	 Co-CoO	 Co-CoO	 W-WO2	 W-WO2	
logfO2	(buf)	 -10.42	 -13.44	 -13.44	 -15.69	 -15.69	
	
	 	 	 	 	n	 6	 5	 5	 8	 9	
Fe,	wt%	 21.81	 21.34	 16.39	 29.7	 31.65	
σ	 0.44	 0.44	 0.87	 1.64	 0.31	
Pd,	wt%	 78.48	 78.85	 86.22	 66.86	 65.41	
σ	 1.07	 1.07	 1.42	 2.13	 0.48	
Total	 100.29	 100.19	 102.61	 96.56	 97.05	
σ	 0.79	 1.36	 1.06	 0.67	 0.63		 	 	 	 	 	XFe	 0.35	 0.34	 0.27	 0.46	 0.48	
XPd	 0.65	 0.66	 0.73	 0.54	 0.52	
	
	 	 	 	 	logfO2	(IW)	
	 	 	
-16.73	 -16.73	
logfO2	(Fe-Fe3O4)	 -12.87	 -16.41	 -16.41	
	 	log(aFe)	 -1.63	 -1.98	 -1.98	 -0.52	 -0.52	
aFe	 0.023	 0.010	 0.010	 0.303	 0.303	
γFe	(est.)	 0.067	 0.031	 0.039	 0.660	 0.631	
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Table	3.2.	The	results	of	piston-cylinder	experimental	series…	(continue)	
	
Sample	 C4579	 C4579	 C4688	
Alloy	type	 Pd	 Fe90Pd10	 Pd	
T,oC	 900	 900	 900	
P,	kbar	 20	 20	 30	
T,	hours	 36	 36	 36	
Buffer	 W-WO2	 W-WO2	 W-WO2	
logfO2	(buf)	 -15.69	 -15.69	 -15.69	
	
	 	 	n	 5	 6	 5	
Fe,	wt%	 8.79	 12.13	 32.92	
σ	 0.86	 0.49	 1.1	
Pd,	wt%	 91.13	 87.82	 64.81	
σ	 0.79	 0.47	 2.71	
Total	 99.93	 99.95	 97.59	
σ	 0.33	 0.22	 3.76		 	 	 	XFe	 0.16	 0.21	 0.49	
XPd	 0.84	 0.79	 0.51	
	
	 	 	logfO2	(IW)	 -16.73	 -16.73	 -16.73	
logfO2	(Fe-Fe3O4)	
	 	log(aFe)	 -0.52	 -0.52	 -0.52	
aFe	 0.303	 0.303	 0.303	
γFe	(est.)	 1.948	 1.452	 0.615	
RTlnγFe	 6505	 3637	 -4739	
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Table	4.1.	Composition	of	eclogite	garnet	standards:	major	and	minor	elements	and	
Fe3+/ΣFe	ratios	determined	by	Mössbauer	spectroscopy	
	
Source	 Wesselton	
	
		 Roberts	Victor	
	
		
Garnet	 W1007	 W824	 W825	 RV6	 RV4	 RVX	 RV3	
SiO2	 40.89	 41.27	 39.96	 41.15	 41.48	 41.44	 41.48	
TiO2	 0.30	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	
Al2O3	 22.51	 22.87	 22.44	 22.91	 23.07	 22.41	 22.90	
Cr2O3	 0.12	 0.17	 0.03	 0.13	 0.06	 0.13	 0.55	
FeO	 15.97	 16.28	 19.24	 16.63	 15.79	 16.69	 14.37	
MnO	 0.51	 0.49	 0.37	 0.58	 0.35	 0.50	 0.44	
MgO	 15.47	 15.94	 8.65	 13.93	 16.93	 15.51	 17.49	
CaO	 4.31	 4.89	 11.40	 6.43	 4.04	 4.37	 4.11	
Na2O	 0.16	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	
Total	 100.24	 101.91	 102.08	 101.76	 101.73	 101.05	 101.35	
Mg#	 64.10	 65.12	 45.59	 60.74	 67.06	 63.59	 69.67	
		
	 	 	 	 	 	 	Almandine	 30.76	 28.72	 36.40	 31.63	 28.02	 30.94	 25.60	
Andradite	 1.63	 3.25	 2.66	 1.80	 2.94	 2.67	 2.41	
Grossular	 9.40	 8.97	 27.83	 14.55	 7.32	 8.40	 6.64	
Pyrope	 56.80	 57.57	 32.25	 50.45	 60.83	 56.57	 62.87	
Spessartine	 1.06	 1.01	 0.78	 1.19	 0.70	 1.04	 0.90	
Uvarovite	 0.35	 0.48	 0.08	 0.39	 0.18	 0.39	 1.57	
		
	 	 	 	 	 	 	Fe3+/ΣFe	 0.05	 0.02	 0.05	 		 0.05	 		 		
	
Note:	Uncertainty	for	major	elements	is	smaller	than	0.3	wt%,	for	minor	elements	is	
estimated	around	0.0	–	0.2	wt%.	All	analysis	were	conducted	with	minimum	8	spot	
analysis	on	SEM	and	5x5	(25	total)	grid	analysis	on	microprobe.	End-members	are	
determined	from	composition,	stoichiometry	and		Fe3+/ΣFe	ratios	established	by	
Mössbauer	spectroscopy.	
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Table	4.1.	Composition	of	eclogite	garnet	standards…	(continue)		
	
Source	 Udacnhaya	
	 	 	 	Garnet	 UD-208	 UD-28-05	 UD-213-02	 UD-111-02	 UD-17-02	 UD-13-07	
SiO2	 40.38	 40.96	 41.95	 40.88	 40.34	 40.32	
TiO2	 0.25	 0.24	 0.29	 0.46	 0.61	 0.63	
Al2O3	 22.37	 22.17	 22.53	 22.05	 21.50	 21.15	
Cr2O3	 0.14	 0.24	 0.10	 0.04	 0.04	 0.08	
FeO	 11.02	 13.60	 11.58	 16.44	 16.65	 18.03	
MnO	 0.18	 0.31	 0.24	 0.33	 0.40	 0.42	
MgO	 11.89	 13.86	 19.72	 15.61	 12.87	 13.77	
CaO	 12.78	 8.11	 3.35	 3.92	 6.53	 4.65	
Na2O	 0.17	 0.11	 0.15	 0.23	 0.22	 0.20	
Total	 99.18	 99.60	 99.92	 99.95	 99.15	 99.24	
Mg#	 66.53	 65.20	 76.89	 64.01	 58.90	 59.11	
		
	 	 	 	 	 	Almandine	 21.43	 26.00	 19.49	 30.66	 31.76	 33.40	
Andradite	 1.13	 1.31	 3.09	 2.50	 2.09	 3.41	
Grossular	 32.53	 19.68	 5.33	 7.88	 15.81	 9.16	
Pyrope	 44.11	 51.65	 71.31	 58.15	 49.36	 52.87	
Spessartine	 0.37	 0.65	 0.50	 0.70	 0.87	 0.91	
Uvarovite	 0.42	 0.72	 0.28	 0.11	 0.11	 0.25	
		
	 	 	 	 	 	Fe3+/ΣFe	 0.01	 0.02	 0.04	 0.02	 0.04	 0.05	
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Table	4.1.	Composition	of	eclogite	garnet	standards…	(continue)		
	
Source	 Udachnaya	
	 	 	 	Garnet	 UD-210-02	 UD-09-05	 UD-220-02	 UD-107	 UD-172-02	 UE-3-05	
SiO2	 39.00	 42.40	 40.50	 42.15	 40.78	 42.04	
TiO2	 0.18	 0.22	 0.30	 0.16	 0.58	 0.18	
Al2O3	 20.94	 22.85	 22.22	 23.31	 21.86	 22.89	
Cr2O3	 0.03	 0.65	 0.11	 0.07	 0.07	 0.14	
FeO	 20.91	 7.62	 11.07	 9.97	 15.25	 10.59	
MnO	 0.47	 0.33	 0.21	 0.45	 0.37	 0.35	
MgO	 7.92	 21.08	 11.87	 20.59	 14.56	 19.54	
CaO	 9.43	 4.20	 12.84	 3.12	 5.80	 3.84	
Na2O	 0.08	 0.06	 0.14	 0.10	 0.25	 0.06	
Total	 98.96	 99.42	 99.27	 99.91	 99.53	 99.64	
Mg#	 41.44	 83.92	 66.63	 79.54	 63.98	 77.66	
		
	 	 	 	 	 	Almandine	 41.67	 13.19	 20.94	 17.99	 28.54	 18.88	
Andradite	 3.12	 1.26	 1.48	 1.59	 2.01	 1.74	
Grossular	 23.22	 7.66	 32.57	 6.17	 13.51	 7.80	
Pyrope	 30.88	 75.35	 44.22	 73.14	 54.94	 70.45	
Spessartine	 1.03	 0.68	 0.45	 0.90	 0.80	 0.73	
Uvarovite	 0.08	 1.86	 0.34	 0.21	 0.20	 0.40	
		
	 	 	 	 	 	Fe3+/ΣFe	 0.04	 0.03	 0.02	 0.01	 0.03	 0.07	
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Table	4.1.	Composition	of	eclogite	garnet	standards…	(continue)		
	
Source	
	 	 	 	
		 Zarnitca	
Metamorphic	
complexes*	
Garnet	 UE-1-05	 К-99-05	 K-266-05	 К-28-02	 К-68-02	 ZAR-24	 Alm	 Kaka	
SiO2	 38.66	 37.43	 38.36	 41.73	 38.77	 40.57	 41.46	 42.00	
TiO2	 0.24	 0.11	 0.09	 0.51	 0.02	 0.04	 0.00	 0.63	
Al2O3	 20.74	 20.31	 21.23	 22.11	 21.83	 22.65	 22.86	 23.57	
Cr2O3	 0.03	 0.01	 0.04	 0.14	 0.05	 0.04	 0.73	 0.01	
FeO	 19.30	 29.42	 26.19	 10.42	 25.84	 14.46	 11.26	 12.82	
MnO	 0.44	 1.01	 0.75	 0.46	 0.43	 0.35	 0.33	 0.38	
MgO	 5.60	 4.40	 6.27	 19.37	 9.03	 15.71	 18.28	 17.64	
CaO	 14.00	 6.46	 6.75	 4.88	 3.55	 5.47	 4.58	 5.54	
Na2O	 0.12	 0.04	 0.03	 0.08	 0.03	 0.04	 0.08	 0.00	
Total	 99.13	 99.19	 99.70	 99.70	 99.55	 99.34	 99.58	 102.59	
Mg#	 35.49	 21.72	 30.38	 79.28	 38.63	 67.03	 74.75	 57.91	
		
	 	 	 	 	 	 	 	Alm	 37.80	 61.70	 55.11	 15.91	 54.51	 27.08	 21.52	 22.49	
Andr	 3.77	 3.97	 1.93	 4.27	 0.86	 2.13	 0.76	 1.90	
Gross	 35.48	 14.48	 16.81	 8.07	 8.81	 12.21	 9.03	 12.21	
Pyr	 21.90	 17.52	 24.38	 70.40	 34.72	 57.74	 65.93	 62.61	
Spess	 0.97	 2.29	 1.65	 0.95	 0.95	 0.73	 0.67	 0.77	
Uvar	 0.09	 0.04	 0.12	 0.41	 0.15	 0.12	 2.09	 0.03	
		
	 	 	 	 	 	 	 	Fe3+/ΣFe	 0.04	 0.03	 0.03	 0.08	 0.01	 0.03	 0.02	 0.07	
	
Note:	Metamorphic	complexes*:	Alm	–	Almklavdalen,	Norway	and	Kaka	-	Kakanui,	New	
Zealand	(see	text	for	more).	
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Table	4.2.	Normalized	intensities	of	garnet	standards	and	experimental	garnets	at	
given	energy	(E,	keV)	and	Fe3+/ΣFe	ratios	determined	by	Mössbauer	spectroscopy.	
	
Sample	
Normal.	
Inten.	
E	
(keV)	
Fe3+	
/ΣFe	 					 Sample	
Normal.	
Intensity	
E	
(keV)	
Fe3+	
/ΣFe	
Eclogite	garnets	from	xenoliths	
	 	
Peridotite	garnets	
	 	RV4-1	 0.786	 7.136	 0.045	
	
455-3	 0.788	 7.136	 0.105	
RV4-2	 0.769	 7.136	 0.045	
	
455-3	 0.781	 7.136	 0.105	
W824-1	 0.757	 7.136	 0.021	
	
714-5	 0.780	 7.136	 0.105	
W824-2	 0.783	 7.136	 0.021	
	
034-1	 0.766	 7.136	 0.076	
W824-3	 0.757	 7.136	 0.021	
	
505-3	 0.781	 7.136	 0.099	
W825-1	 0.780	 7.136	 0.054	
	
147-4	 0.765	 7.136	 0.066	
W825-2	 0.780	 7.136	 0.054	
	
108-3	 0.748	 7.136	 0.060	
W825-3	 0.780	 7.136	 0.054	
	
422-3	 0.774	 7.136	 0.070	
W1007-1	 0.768	 7.136	 0.045	
	
052-3	 0.778	 7.136	 0.098	
W1007-2	 0.765	 7.136	 0.045	
	
450-3	 0.776	 7.136	 0.101	
W1007-3	 0.767	 7.136	 0.045	
	
kim30	 0.744	 7.136	 0.052	
K28-01-1	 0.785	 7.136	 0.082	
	
kim30	 0.745	 7.136	 0.052	
K28-01-2	 0.785	 7.136	 0.082	
	
kim44	 0.757	 7.136	 0.069	
K28-01-3	 0.779	 7.136	 0.082	
	
kim1	 0.742	 7.136	 0.054	
K68-02-1	 0.778	 7.136	 0.014	
	
kim25	 0.750	 7.136	 0.053	
K68-02-2	 0.797	 7.136	 0.014	
	
kim17	 0.761	 7.136	 0.064	
K68-02-3	 0.779	 7.136	 0.014	
	
let6	 0.740	 7.136	 0.043	
K99-05-1	 0.806	 7.136	 0.034	
	
kim13	 0.751	 7.136	 0.068	
K-99-05-2	 0.801	 7.136	 0.034	
	
kim35	 0.749	 7.136	 0.060	
K99-05-3	 0.801	 7.136	 0.034	
	
kim24	 0.749	 7.136	 0.065	
K26605-1	 0.793	 7.136	 0.029	
	
let21	 0.733	 7.136	 0.045	
K26605-2	 0.803	 7.136	 0.029	
	
let7	 0.744	 7.136	 0.048	
K26605-3	 0.766	 7.136	 0.029	
	
let1	 0.732	 7.136	 0.043	
U-107-1	 0.742	 7.136	 0.012	
	
let39	 0.738	 7.136	 0.051	
U107-2	 0.742	 7.136	 0.012	
	
let9	 0.779	 7.136	 0.095	
U107-3	 0.742	 7.136	 0.012	
	
let12	 0.783	 7.136	 0.122	
U208-2	 0.755	 7.136	 0.012	
	
let14	 0.739	 7.136	 0.048	
U208-3	 0.763	 7.136	 0.012	
	 	 	 	 	U1307-1	 0.762	 7.136	 0.049	
	 	 	 	 	U1307-2	 0.777	 7.136	 0.049	
	 	 	 	 	U1307-3	 0.772	 7.136	 0.049	
	 	 	 	 	U2805-1	 0.762	 7.136	 0.019	
	 	 	 	 	U2805-2	 0.760	 7.136	 0.019	
	 	 	 	 	U2805-3	 0.760	 7.136	 0.019	
	 	 	 	 	UD-09-1	 0.441	 7.137	 0.025	
	 	 	 	 	UD-09-2	 0.771	 7.136	 0.025	
	 	 	 	 	UD-09-3	 0.462	 7.137	 0.025	
	 	 	 	 	UD1701-1	 0.756	 7.136	 0.031	
	 	 	 	 	UD1701-2	 0.745	 7.136	 0.031	
	 	 	 	 	UD1701-3	 0.773	 7.136	 0.031	
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Table	4.2.	Normalized	intensities	of	garnet	standards	at	given	energy…	(continue)	
	
Sample	
Normal.	
Inten.	
Energy	
(keV)	
Fe3+	
/ΣFe	 		 		 		 		 		
Eclogite	garnets	from	xenoliths	
	 	 	 	 	 	UD111-02-1	 0.768	 7.136	 0.023
	 	 	 	 	UD111-02-2	 0.768	 7.136	 0.023	
	 	 	 	 	UD111-02-3	 0.765	 7.136	 0.023	
	 	 	 	 	UD17202-2	 0.768	 7.136	 0.030	
	 	 	 	 	UD17202-3	 0.768	 7.136	 0.030	
	 	 	 	 	UD21002-1	 0.770	 7.137	 0.042	
	 	 	 	 	UD21002-2	 0.786	 7.136	 0.042	
	 	 	 	 	UD21002-3	 0.791	 7.136	 0.042	
	 	 	 	 	UD21302-1	 0.791	 7.136	 0.039	
	 	 	 	 	UD21302-2	 0.770	 7.136	 0.039	
	 	 	 	 	UD21302-3	 0.768	 7.136	 0.039	
	 	 	 	 	UD22002-1	 0.768	 7.136	 0.016	
	 	 	 	 	RV3-1	 0.861	 7.137	
	 	 	 	 	 	RV6-1	 0.777	 7.136	
	 	 	 	 	 	RV6-2	 0.776	 7.136	
	 	 	 	 	 	RVX-1	 0.767	 7.136	
	 	 	 	 	 	RVX-3	 0.766	 7.136	
	 	 	 	 	 	
	 	 	 	 	 	 	 	 	Eclogite	from	metamorphic	complexes
	 	 	 	 	Alm10-1	 0.748	 7.136	 0.019	
	 	 	 	 	Alm10-2	 0.747	 7.136	 0.019	
	 	 	 	 	Alm10-3	 0.747	 7.136	 0.019	
	 	 	 	 	Alm18-1	 0.746	 7.136	 0.019	
	 	 	 	 	Alm18-2	 0.736	 7.136	 0.019	
	 	 	 	 	Alm18-3	 0.743	 7.136	 0.019	
	 	 	 	 	Alm19-1	 0.746	 7.136	 0.023	
	 	 	 	 	Alm19-2	 0.475	 7.137	 0.023	
	 	 	 	 	Alm19-3	 0.744	 7.136	 0.023	
	 	 	 	 	Alm22-1	 0.739	 7.136	 0.017	
	 	 	 	 	Alm22-2	 0.729	 7.136	 0.017	
	 	 	 	 	Alm22-3	 0.738	 7.136	 0.017	
	 	 	 	 	Alm24-1	 0.742	 7.136	 0.019	
	 	 	 	 	Alm24-2	 0.735	 7.136	 0.019	
	 	 	 	 	Alm24-3	 0.744	 7.136	 0.019	
	 	 	 	 	Kakanui-2	 0.771	 7.136	 0.074	
	 	 	 	 	Kakanui-4	 0.772	 7.136	 0.074	
	 	 	 	 	Kakanui-5	 0.772	 7.136	 0.074	 		 		 		 		 		
Note:	Each	analysis	is	performed	on	different	spots	(last	number	in	sample	name).	
Normalized	intensities	are	given	only	at	the	given	energy	on	right.		
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Table	4.2.	Normalized	intensities	of	garnet	standards	at	given	energy…	(continue)	
	
Sample	 Normal.	Inten.	
Energy	
(keV)	
		
Note		
c4390-1	 0.779	 7.136	
	c4390-2	 0.7728	 7.136	
	c4390-3	 0.7806	 7.136	
	c4438-1	 0.7798	 7.136	
	c4438-2	 0.766	 7.136	
	c4438-3	 0.766	 7.136	
	c4438-4	 0.7957	 7.136	
	c4397-1	 0.7652	 7.136	
	c4397-2	 0.7686	 7.136	
	c4397-3	 0.7772	 7.136	
	c4583-1	 0.7788	 7.136	
	c4583-2	 0.8092	 7.136	
	c4583-3	 0.776	 7.136	
	c4443-1	 0.7859	 7.136	
	c4443-1	 0.7865	 7.136	
	c4443-2	 0.7619	 7.136	
	c4541-1	 0.7677	 7.136	
	c4541-2	 0.7577	 7.136	
	c4541-3	 0.7515	 7.136	
	c4414-1	 0.7346	 7.136	
	c4414-2	 0.7715	 7.136	
	c4414-3	 0.7797	 7.136	
	c4414-5	 0.7882	 7.136	
	c4414-6	 0.8085	 7.136	 not	grt	
c4414-7	 0.831	 7.136	
	c4409-1	 0.7744	 7.136	
	c4409-2	 0.7772	 7.136	
	c4409-3	 0.7823	 7.136	
	229-1	 0.7673	 7.136	
	229-2	 0.7627	 7.136	
	232-1	 0.8097	 7.136	 not	grt	
232-2	 0.7606	 7.136	
	232-3	 0.7607	 7.136	
	c4582-1	 0.8849	 7.136	 not	grt	
c4582-2	 0.8346	 7.136	 not	grt	
c4582-3	 0.8127	 7.136	 not	grt	
Note:	Each	analysis	is	performed	on	different	spots	(last	number	in	a	sample	name).	
Normalized	intensities	are	given	only	at	the	given	energy	on	right.	The	last	column	for	
indications	which	analysis	is	not	garnet.	
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Table	5.1.	Composition	of	natural	garnet	standards	and	the	flank	method	calibration		
	
Sample	 oxAlm-1	 oxAlm-2	 oxAlm-3	 oxAlm-4	 oxAlm-5*	 oxAlm-6*	 oxAlm-7*	
SiO2	 37.85	 38.83	 38.43	 38.46	 38.25	 38.95	 39.16	
TiO2	 0.07	 0.08	 0.08	 0.08	 0.08	 0.08	 0.09	
Al2O3	 21.74	 22.13	 21.88	 22.02	 22.02	 22.43	 22.55	
Cr2O3	 0.03	 0.03	 0.03	 0.03	 0.03	 0.03	 0.03	
FeO	 25.70	 26.62	 26.34	 26.55	 26.78	 26.63	 26.88	
MnO	 2.44	 2.58	 2.57	 2.59	 2.58	 2.55	 2.55	
MgO	 8.92	 9.17	 9.03	 8.94	 8.96	 9.24	 9.28	
CaO	 1.69	 1.77	 1.76	 1.76	 1.76	 1.80	 1.80	
Na2O	 0.02	 0.02	 0.02	 0.02	 0.02	 0.02	 0.02	
P2O5	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	
NiO	 0.04	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	
Total	 98.51	 101.23	 100.14	 100.46	 100.50	 101.74	 102.36	
Atoms	per	12-oxygen	formula	
unit	
	 	 	 	 	 	Si	 2.97	 2.97	 2.97	 2.96	 2.95	 2.96	 2.96	
Al	 2.01	 1.99	 1.99	 2.00	 2.00	 2.01	 2.01	
Ti	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	
Cr	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	
Fe	 1.69	 1.70	 1.70	 1.71	 1.73	 1.69	 1.70	
Mn	 0.16	 0.17	 0.17	 0.17	 0.17	 0.16	 0.16	
Mg	 1.04	 1.04	 1.04	 1.03	 1.03	 1.05	 1.05	
Ca	 0.14	 0.14	 0.15	 0.14	 0.15	 0.15	 0.15	
Na	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	
Total	 8.02	 8.03	 8.02	 8.02	 8.04	 8.03	 8.03	
Components	
	 	 	 	 	 	 	Almandine	 54.61	 54.28	 54.41	 54.74	 54.44	 54.13	 54.21	
Andradite	 0.70	 1.56	 1.50	 1.33	 1.84	 1.15	 1.24	
Grossular	 3.98	 3.22	 3.32	 3.47	 3.01	 3.70	 3.60	
Pyrope	 35.14	 35.22	 35.03	 34.65	 34.91	 35.37	 35.34	
Spessartine	 5.47	 5.63	 5.66	 5.71	 5.71	 5.55	 5.52	
Uvarovite	 0.10	 0.10	 0.09	 0.10	 0.10	 0.09	 0.09	
	 	 	 	 	 	 	 	Regressed	Lβ/Lα	 1.27	 1.29	 1.29	 1.29	 1.27	 1.28	 1.28	
ΣFe-wt%	 19.98	 20.69	 20.48	 20.64	 20.82	 20.70	 20.89	
Fe3+/ΣFe	(Mössbauer)	 0.03	 0.03	 0.03	 0.03	 0.03	 0.03	 0.04	
Fe3+/ΣFe	(Flank)	 0.03	 0.04	 0.04	 0.03	 0.03	 0.02	 0.03	
1σ	Fe3+/ΣFe	(Flank)	 0.00	 0.00	 0.00	 0.00	 0.003	 0.002	 0.002	
Δ	Flank-Mössbauer	 0.00	 0.00	 0.00	 0.00	 0.00	 -0.01	 -0.01	
Note:	Each	analysis	 is	one	grid	5	by	5	spots	with	1	micron	step.	The	regressed	Lβ/Lα	ratio	 is	the	value	
after	self-absorption	correction.	The	st.dev.	for	Mössbauer	measurements	is	about	±0.01	{Hofer:2007fl},	
the	flank	method	error	for	25	grid	analysis.	Δ	Flank-Mössbauer	is	the	difference	of	Fe3+/ΣFe	ratios.	The	
samples	 with	 asterisk	 symbol	 were	 employed	 as	 standards	 in	 March	 2015;	 otherwise	 in	 September	
2014.	Note	are	valid	for	Tables	5.1;	5.2;	5.3;	5.4.	
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Table	5.1.	Composition	of	natural	garnet	standards…	(continue)	
	
Sample	 Dam-1	 Dam-2	 Dam-3*	 Dam-4*	 Dam-5*	 UA4		 UA5-1	 UA5-2	 UA5-3	
SiO2	 39.32	 39.10	 39.20	 39.41	 39.35	 41.61	 41.27	 41.27	 41.06	
TiO2	 0.40	 0.39	 0.40	 0.40	 0.41	 0.04	 0.71	 0.71	 0.71	
Al2O3	 22.14	 21.76	 22.14	 22.35	 22.32	 19.34	 19.16	 19.16	 18.95	
Cr2O3	 0.01	 0.01	 0.01	 0.01	 0.01	 6.59	 4.45	 4.45	 4.46	
FeO	 20.33	 19.64	 19.87	 19.97	 19.95	 6.78	 8.46	 8.46	 8.19	
MnO	 0.55	 0.54	 0.54	 0.54	 0.54	 0.35	 0.32	 0.32	 0.32	
MgO	 10.68	 10.63	 10.67	 10.75	 10.75	 22.38	 19.89	 19.89	 19.75	
CaO	 7.42	 7.39	 7.47	 7.47	 7.58	 2.31	 5.22	 5.22	 5.22	
Na2O	 0.05	 0.05	 0.06	 0.06	 0.06	 0.04	 0.07	 0.07	 0.07	
P2O5	 0.00	 0.00	 0.00	 0.00	 0.00	 0.01	 0.01	 0.01	 0.01	
NiO	 0.07	 0.00	 0.00	 0.00	 0.00	 0.01	 0.03	 0.03	 0.00	
Total	 100.98	 99.52	 100.36	 100.96	 100.97	 99.46	 99.58	 99.58	 98.74	
Atoms	per	12-oxygen	formula	unit	
	 	 	 	 	 	 	Si	 2.95	 2.97	 2.95	 2.95	 2.95	 2.99	 2.99	 2.99	 3.00	
Al	 1.96	 1.95	 1.97	 1.97	 1.97	 1.64	 1.64	 1.64	 1.63	
Ti	 0.02	 0.02	 0.02	 0.02	 0.02	 0.00	 0.04	 0.04	 0.04	
Cr	 0.00	 0.00	 0.00	 0.00	 0.00	 0.37	 0.25	 0.25	 0.26	
Fe	 1.27	 1.25	 1.25	 1.25	 1.25	 0.41	 0.50	 0.51	 0.50	
Mn	 0.03	 0.03	 0.03	 0.03	 0.03	 0.02	 0.02	 0.02	 0.02	
Mg	 1.19	 1.20	 1.20	 1.20	 1.20	 2.39	 2.16	 2.15	 2.15	
Ca	 0.60	 0.60	 0.60	 0.60	 0.61	 0.18	 0.41	 0.41	 0.41	
Na	 0.01	 0.01	 0.01	 0.01	 0.01	 0.01	 0.01	 0.01	 0.01	
Total	 8.03	 8.03	 8.04	 8.04	 8.05	 8.01	 8.02	 8.02	 8.02	
Components	
	 	 	 	 	 	 	 	 	Almandine	 38.08	 38.04	 37.86	 37.86	 37.49	 1.42	 10.04	 10.04	 9.67	
Andradite	 3.20	 2.89	 2.68	 2.52	 2.77	 0.00	 0.80	 0.80	 0.79	
Grossular	 17.01	 17.34	 17.71	 17.76	 17.85	 0.00	 0.00	 0.00	 0.00	
Pyrope	 40.50	 40.53	 40.56	 40.68	 40.72	 91.01	 75.11	 75.11	 75.33	
Spessartine	 1.19	 1.17	 1.17	 1.16	 1.16	 0.81	 0.68	 0.68	 0.69	
Uvarovite	 0.03	 0.03	 0.02	 0.02	 0.02	 6.75	 13.37	 13.37	 13.53	
	 	 	 	 	 	 	 	 	 	Regressed	Lβ/Lα	 1.12	 1.10	 1.08	 1.09	 1.09	 0.74	 0.79	 0.79	 0.78	
ΣFe-wt%	 15.80	 15.27	 15.44	 15.52	 15.51	 5.27	 6.58	 6.58	 6.36	
Fe3+/ΣFe	(Mössbauer)	 0.04	 0.04	 0.04	 0.04	 0.04	 0.13	 0.13	 0.13	 0.13	
Fe3+/ΣFe	(Flank)	 0.05	 0.05	 0.03	 0.05	 0.04	 0.13	 0.11	 0.11	 0.11	
1σ	Fe3+/ΣFe	(Flank)	 0.00	 0.00	 0.003	 0.004	 0.003	 0.001	 0.00	 0.00	 0.001	
Δ	Flank-Mössbauer	 0.00	 0.00	 -0.01	 0.00	 0.00	 0.01	 -0.01	 -0.01	 -0.01	
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Table	5.1.	Composition	of	natural	garnet	standards…	(continue)	
	
Sample	 UA5-4*	 UA10-1	 UA17-1	 UA17-2	 UA17-3*	 UA17-4*	 UA17-5*	
SiO2	 41.44	 41.35	 41.06	 40.83	 41.01	 41.27	 41.27	
TiO2	 0.73	 0.07	 0.02	 0.02	 0.02	 0.02	 0.02	
Al2O3	 19.32	 19.79	 18.70	 18.47	 18.82	 19.01	 19.01	
Cr2O3	 4.38	 5.15	 7.06	 6.98	 6.93	 6.85	 6.85	
FeO	 8.35	 8.01	 8.15	 7.89	 8.03	 8.07	 8.07	
MnO	 0.31	 0.41	 0.48	 0.50	 0.47	 0.47	 0.47	
MgO	 20.04	 19.83	 19.95	 19.81	 19.97	 20.23	 20.23	
CaO	 5.24	 5.01	 4.20	 4.29	 4.22	 4.20	 4.20	
Na2O	 0.08	 0.04	 0.02	 0.02	 0.03	 0.03	 0.03	
P2O5	 0.01	 0.01	 0.00	 0.00	 0.00	 0.00	 0.00	
NiO	 0.00	 0.04	 0.01	 0.00	 0.00	 0.00	 0.00	
Total	 99.88	 99.71	 99.65	 98.82	 99.51	 100.14	 100.14	
Atoms	per	12-oxygen	formula	unit	
	 	 	 	 	Si	 2.99	 2.99	 2.98	 2.99	 2.98	 2.98	 2.98	
Al	 1.64	 1.69	 1.60	 1.59	 1.61	 1.62	 1.62	
Ti	 0.04	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	
Cr	 0.25	 0.29	 0.41	 0.40	 0.40	 0.39	 0.39	
Fe	 0.50	 0.48	 0.49	 0.48	 0.49	 0.49	 0.49	
Mn	 0.02	 0.02	 0.03	 0.03	 0.03	 0.03	 0.03	
Mg	 2.16	 2.13	 2.16	 2.16	 2.17	 2.18	 2.18	
Ca	 0.41	 0.39	 0.33	 0.34	 0.33	 0.32	 0.32	
Na	 0.01	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	
Total	 8.03	 8.01	 8.01	 8.00	 8.03	 8.02	 8.02	
Components	
	 	 	 	 	 	 	Almandine	 10.11	 12.60	 7.77	 7.27	 8.23	 8.02	 8.02	
Andradite	 1.05	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	
Grossular	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	
Pyrope	 75.11	 73.25	 79.16	 79.27	 78.75	 79.14	 79.14	
Spessartine	 0.66	 0.86	 1.09	 1.13	 1.06	 1.04	 1.04	
Uvarovite	 13.06	 13.29	 11.99	 12.34	 11.97	 11.80	 11.80	
	 	 	 	 	 	 	 	Regressed	Lβ/Lα	 0.77	 0.77	 0.78	 0.77	 0.76	 0.76	 0.76	
ΣFe-wt%	 6.49	 6.23	 6.33	 6.13	 6.24	 6.27	 6.27	
Fe3+/ΣFe	(Mössbauer)	 0.13	 0.11	 0.04	 0.04	 0.04	 0.04	 0.04	
Fe3+/ΣFe	(Flank)	 0.12	 0.11	 0.06	 0.06	 0.06	 0.05	 0.06	
1σ	Fe3+/ΣFe	(Flank)	 0.01	 0.001	 0.001	 0.001	 0.012	 0.012	 0.008	
Δ	Flank-Mössbauer	 0.00	 0.00	 0.02	 0.02	 0.02	 0.01	 0.02	
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Table	 5.2.	 Composition	 of	 eclogite	 garnets	 from	 xenoliths	 and	 the	 results	 of	 flank	
analysis	
	
Sample	 W825	 RV4		 RV6		 RVX		 W1007		 W824		 RV3		 K9905*		 K2802*		
SiO2	 38.82	 40.25	 39.78	 39.55	 40.08	 39.69	 39.97	 37.80	 41.08	
TiO2	 0.17	 0.38	 0.26	 0.26	 0.32	 0.26	 0.33	 0.18	 0.47	
Al2O3	 21.80	 22.45	 22.68	 22.29	 22.16	 22.61	 21.69	 21.20	 22.63	
Cr2O3	 0.04	 0.07	 0.05	 0.13	 0.19	 0.05	 0.59	 0.03	 0.07	
FeO	 18.45	 15.34	 15.65	 16.40	 15.63	 15.45	 13.67	 29.78	 10.42	
MnO	 0.42	 0.38	 0.30	 0.57	 0.49	 0.30	 0.48	 0.99	 0.41	
MgO	 8.23	 15.79	 13.60	 14.41	 15.30	 13.59	 16.52	 4.41	 18.93	
CaO	 10.74	 4.10	 6.14	 4.15	 4.26	 6.11	 4.08	 6.63	 4.71	
Na2O	 0.08	 0.15	 0.14	 0.11	 0.13	 0.15	 0.08	 0.04	 0.09	
P2O5	 0.01	 0.17	 0.05	 0.03	 0.03	 0.05	 0.02	 0.00	 0.00	
NiO	 0.00	 0.00	 0.01	 0.01	 0.01	 0.01	 0.00	 0.00	 0.01	
Total	 98.78	 99.06	 98.65	 97.90	 98.60	 98.25	 97.43	 101.06	 98.82	
Atoms	per	12-oxygen	formula	unit	
	 	 	 	 	
		
Si	 2.98	 2.97	 2.97	 2.98	 2.99	 2.98	 2.99	 2.97	 2.98	
Al	 1.97	 1.95	 2.00	 1.98	 1.95	 2.00	 1.91	 1.96	 1.94	
Ti	 0.01	 0.02	 0.01	 0.01	 0.02	 0.01	 0.02	 0.01	 0.03	
Cr	 0.00	 0.00	 0.00	 0.01	 0.01	 0.00	 0.03	 0.00	 0.00	
Fe	 1.19	 0.95	 0.98	 1.03	 0.97	 0.97	 0.85	 1.96	 0.63	
Mn	 0.03	 0.02	 0.02	 0.04	 0.03	 0.02	 0.03	 0.07	 0.03	
Mg	 0.94	 1.74	 1.52	 1.62	 1.70	 1.52	 1.84	 0.52	 2.05	
Ca	 0.88	 0.32	 0.49	 0.33	 0.34	 0.49	 0.33	 0.56	 0.37	
Na	 0.01	 0.02	 0.02	 0.02	 0.02	 0.02	 0.01	 0.01	 0.01	
Total	 8.02	 8.02	 8.02	 8.02	 8.02	 8.02	 8.02	 8.04	 8.03	
Components	
	 	 	 	 	 	 	 	 	Almandine	 37.85	 29.82	 31.86	 33.22	 30.67	 31.83	 26.26	 61.60	 18.20	
Andradite	 1.33	 1.55	 0.18	 0.77	 1.69	 0.00	 2.06	 2.86	 2.58	
Grossular	 28.18	 9.16	 16.21	 10.06	 9.15	 16.34	 7.15	 15.83	 9.49	
Pyrope	 31.61	 58.48	 50.96	 54.33	 56.90	 51.04	 61.76	 17.39	 68.68	
Spessartine	 0.91	 0.79	 0.64	 1.22	 1.04	 0.64	 1.02	 2.21	 0.85	
Uvarovite	 0.13	 0.19	 0.14	 0.40	 0.56	 0.15	 1.75	 0.10	 0.21	
	 	 	 	 	 	 	 	 	 	cpsLβ/cpsLα	 1.05	 0.98	 1.00	 1.03	 0.98	 1.00	 0.93	 1.31	 0.81	
Regressed	Lβ/Lα	 1.07	 0.98	 0.99	 1.01	 0.99	 0.98	 0.93	 1.37	 0.83	
ΣFe-wt%	 14.35	 11.92	 12.16	 12.75	 12.15	 12.01	 10.62	 23.15	 8.10	
Fe3+/ΣFe	
(Mössbauer)	 0.05	 0.05	
	 	
0.05	 0.02	
	 	 	Fe3+/ΣFe	(Flank)	 0.05	 0.06	 0.05	 0.05	 0.06	 0.05	 0.06	 0.06	 0.06	
1σ	Fe3+/ΣFe	(Flank)	 0.00	 0.001	 0.00	 0.00	 0.001	 0.00	 0.00	 0.003	 0.009	
Δ	Flank-Mössbauer	 -0.01	 0.01	 		 		 0.01	 0.03	 		 		 		
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Table	5.2.	Composition	of	eclogite	garnets	from	xenoliths	…	(continue)	
	
Sample	 K6802*		 K26605*		 UD1702*		 UD0905*		 UD4502*		 UD11102*		
UD21002
*		
SiO2	 39.15	 38.72	 39.64	 42.00	 41.66	 41.37	 40.02	
TiO2	 0.06	 0.21	 0.58	 0.25	 0.29	 0.42	 0.19	
Al2O3	 22.54	 21.99	 22.09	 23.33	 23.08	 23.08	 22.43	
Cr2O3	 0.05	 0.03	 0.05	 0.65	 0.09	 0.04	 0.04	
FeO	 26.00	 25.60	 17.70	 7.83	 10.78	 17.02	 21.60	
MnO	 0.43	 0.70	 0.39	 0.32	 0.33	 0.34	 0.46	
MgO	 9.26	 6.81	 12.29	 20.85	 18.27	 15.76	 8.20	
CaO	 3.98	 7.16	 6.75	 4.24	 5.81	 3.77	 9.87	
Na2O	 0.03	 0.03	 0.25	 0.07	 0.06	 0.21	 0.08	
P2O5	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	
NiO	 0.00	 0.00	 0.00	 0.01	 0.00	 0.00	 0.00	
Total	 101.50	 101.26	 99.74	 99.53	 100.38	 102.01	 102.91	
		
	 	 	 	 	Si	 2.96	 2.97	 2.97	 2.98	 2.98	 2.98	 2.98	
Al	 2.01	 1.99	 1.95	 1.95	 1.95	 1.96	 1.97	
Ti	 0.00	 0.01	 0.03	 0.01	 0.02	 0.02	 0.01	
Cr	 0.00	 0.00	 0.00	 0.04	 0.01	 0.00	 0.00	
Fe	 1.65	 1.64	 1.11	 0.46	 0.65	 1.03	 1.34	
Mn	 0.03	 0.05	 0.02	 0.02	 0.02	 0.02	 0.03	
Mg	 1.04	 0.78	 1.37	 2.21	 1.95	 1.69	 0.91	
Ca	 0.32	 0.59	 0.54	 0.32	 0.45	 0.29	 0.79	
Na	 0.00	 0.00	 0.04	 0.01	 0.01	 0.03	 0.01	
Total	 8.03	 8.03	 8.04	 8.01	 8.03	 8.03	 8.04	
Components	
	 	 	 	 	 	Almandine	 52.93	 52.42	 34.74	 14.56	 19.00	 32.78	 42.03	
Andradite	 0.86	 1.50	 1.84	 0.51	 2.19	 1.30	 2.14	
Grossular	 9.87	 18.22	 16.24	 8.48	 12.49	 8.35	 24.16	
Pyrope	 35.25	 26.23	 46.20	 73.99	 65.39	 56.77	 30.56	
Spessartin
e	 0.92	 1.53	 0.83	 0.64	 0.67	 0.69	 0.98	
Uvarovite	 0.16	 0.10	 0.15	 1.82	 0.27	 0.11	 0.13	
	 	 	 	 	 	 	 	cpsLβ/cpsLα	 1.27	 1.25	 1.04	 0.77	 0.82	 1.02	 1.10	
Regressed	Lβ/Lα	 1.27	 1.25	 1.03	 0.76	 0.84	 1.01	 1.14	
ΣFe-wt%	 20.21	 19.90	 13.76	 6.08	 8.38	 13.23	 16.79	
Fe3+/ΣFe	
(Mössbauer)	
	 	 	 	 	 	 	Fe3+/ΣFe	(Flank)	 0.00	 0.01	 0.00	 0.00	 0.06	 0.00	 0.06	
1σ	Fe3+/ΣFe	
(Flank)	 0.003	 0.003	 0.005	 0.01	 0.006	 0.006	 0.004	
Δ	Flank-Mössbauer	 		 		 		 		 		 		 		
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Table	5.2.	Composition	of	eclogite	garnets	from	xenoliths	…	(continue)	
	
Sample	 502_12		 502_11	 502_10	 502_5	 502_6	 434_8	 434_4	 180_4	 180_1	
SiO2	 39.86	 39.97	 39.90	 40.28	 40.60	 39.85	 39.82	 39.11	 39.04	
TiO2	 0.26	 0.32	 0.30	 1.50	 0.59	 0.14	 0.14	 0.31	 0.20	
Al2O3	 22.79	 22.74	 22.78	 22.22	 23.18	 22.83	 22.85	 22.09	 22.07	
Cr2O3	 0.03	 0.02	 0.03	 0.03	 0.03	 0.02	 0.02	 0.02	 0.02	
FeO	 12.04	 12.02	 11.98	 13.43	 11.59	 16.30	 16.37	 11.68	 11.49	
MnO	 0.20	 0.20	 0.19	 0.28	 0.21	 0.32	 0.33	 0.18	 0.17	
MgO	 8.77	 8.72	 8.71	 13.29	 14.20	 10.41	 10.39	 4.20	 4.35	
CaO	 16.15	 16.28	 16.26	 8.96	 9.34	 10.45	 10.51	 22.73	 22.56	
Na2O	 0.16	 0.18	 0.17	 0.42	 0.25	 0.09	 0.09	 0.12	 0.09	
Total	 100.29	 100.47	 100.33	 100.43	 100.0	 100.42	 100.5	 100.4	 99.99	
Atoms	per	12-oxygen	formula	unit	
Si	 2.97	 2.97	 2.97	 2.96	 2.96	 2.97	 2.97	 2.96	 2.97	
Al	 0.01	 0.02	 0.02	 0.08	 0.03	 0.01	 0.01	 0.02	 0.01	
Ti	 2.00	 1.99	 2.00	 1.92	 1.99	 2.01	 2.01	 1.97	 1.98	
Cr	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	
Fe	 0.75	 0.75	 0.75	 0.82	 0.71	 1.02	 1.02	 0.74	 0.73	
Mn	 0.01	 0.01	 0.01	 0.02	 0.01	 0.02	 0.02	 0.01	 0.01	
Mg	 0.97	 0.97	 0.97	 1.46	 1.55	 1.16	 1.15	 0.47	 0.49	
Ca	 1.29	 1.30	 1.30	 0.70	 0.73	 0.83	 0.84	 1.84	 1.84	
Na	 0.02	 0.03	 0.02	 0.06	 0.04	 0.01	 0.01	 0.02	 0.01	
Total	 8.03	 8.03	 8.03	 8.03	 8.02	 8.03	 8.03	 8.04	 8.04	
Components	
Almandine	 23.34	 23.41	 23.38	 25.44	 22.74	 32.28	 32.10	 21.34	 21.12	
Andradite	 0.63	 0.69	 0.56	 1.16	 0.04	 0.63	 0.79	 2.14	 2.10	
Grossular	 42.69	 42.88	 43.03	 22.88	 24.53	 27.40	 27.43	 60.07	 59.76	
Pyrope	 32.82	 32.53	 32.54	 49.82	 52.15	 38.95	 38.91	 16.00	 16.60	
Spessar	 0.42	 0.42	 0.41	 0.60	 0.44	 0.69	 0.70	 0.39	 0.38	
Uvar	 0.10	 0.07	 0.09	 0.09	 0.08	 0.06	 0.07	 0.05	 0.05	
	 	 	 	 	 	 	 	 	 	cpsLβ/cpsLα	 0.87	 0.86	 0.87	 0.91	 0.86	 0.98	 0.99	 0.84	 0.84	
Regressed	
Lβ/Lα	 0.87	 0.87	 0.87	 0.91	 0.86	 0.99	 0.99	 0.86	 0.85	
ΣFe-wt%	 9.36	 9.34	 9.31	 10.44	 9.01	 12.67	 12.72	 9.08	 8.93	
Fe3+/ΣFe	
(Flank)	 0.02	 0.02	 0.01	 0.01	 0.00	 0.02	 0.01	 0.07	 0.04	
1σ	
Fe3+/ΣFe	
(Flank)	 0.007	 0.007	 0.006	 0.004	 0.00	 0.005	 0.004	 0.007	 0.007	
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Table	 5.3.	 Composition	 of	 garnets	 from	 kyanite-bearing	 eclogite	 xenoliths	 and	 the	
results	of	flank	analysis	
	
Sample	 42c_1	 42c_2	 42c_3	 505_1		 505_4		 505_5		
592_
1		
592_
2		
592_
3		
SiO2	 39.04	 38.95	 38.90	 39.27	 39.49	 39.55	 41.79	 41.66	 41.85	
TiO2	 0.14	 0.16	 0.14	 0.16	 0.12	 0.14	 0.24	 0.23	 0.27	
Al2O3	 22.33	 22.15	 22.00	 22.25	 22.56	 22.55	 23.21	 23.16	 23.17	
Cr2O3	 0.03	 0.03	 0.03	 0.03	 0.03	 0.03	 0.08	 0.08	 0.09	
FeO	 20.21	 19.81	 19.69	 15.94	 15.91	 15.94	 11.24	 11.43	 10.97	
MnO	 0.43	 0.42	 0.42	 0.31	 0.31	 0.31	 0.32	 0.33	 0.32	
MgO	 7.58	 7.25	 7.12	 6.93	 7.83	 7.86	 19.85	 19.66	 19.98	
CaO	 10.78	 11.46	 11.85	 15.30	 14.39	 14.47	 2.76	 2.65	 2.90	
Na2O	 0.09	 0.10	 0.08	 0.07	 0.06	 0.07	 0.14	 0.15	 0.15	
Total	
100.6
4	
100.3
4	
100.2
5	
100.2
5	
100.7
0	
100.9
0	 99.63	 99.36	 99.69	
Atoms	per	12-oxygen	formula	unit	
	 	 	 	 	 	 	Si	 2.96	 2.97	 2.97	 2.97	 2.97	 2.96	 2.99	 3.00	 3.00	
Al	 0.01	 0.01	 0.01	 0.01	 0.01	 0.01	 0.01	 0.01	 0.01	
Ti	 2.00	 1.99	 1.98	 1.99	 2.00	 1.99	 1.96	 1.96	 1.95	
Cr	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	
Fe	 1.28	 1.26	 1.26	 1.01	 1.00	 1.00	 0.67	 0.69	 0.66	
Mn	 0.03	 0.03	 0.03	 0.02	 0.02	 0.02	 0.02	 0.02	 0.02	
Mg	 0.86	 0.82	 0.81	 0.78	 0.88	 0.88	 2.12	 2.11	 2.13	
Ca	 0.88	 0.94	 0.97	 1.24	 1.16	 1.16	 0.21	 0.20	 0.22	
Na	 0.01	 0.01	 0.01	 0.01	 0.01	 0.01	 0.02	 0.02	 0.02	
Total	 8.03	 8.03	 8.04	 8.03	 8.03	 8.04	 8.02	 8.02	 8.02	
Components	
	 	 	 	 	 	 	 	 	Almandine	 40.55	 39.82	 39.15	 31.28	 30.75	 30.55	 21.10	 21.75	 20.31	
Andradite	 1.19	 1.38	 1.88	 1.49	 1.38	 1.57	 1.15	 0.95	 1.31	
Grossular	 28.31	 30.05	 30.67	 40.17	 37.57	 37.53	 5.73	 5.69	 5.90	
Pyrope	 28.92	 27.74	 27.28	 26.31	 29.55	 29.61	 71.14	 70.72	 71.57	
Spessartine	 0.93	 0.92	 0.92	 0.66	 0.66	 0.65	 0.66	 0.67	 0.66	
Uvarovite	 0.10	 0.09	 0.09	 0.09	 0.09	 0.09	 0.22	 0.23	 0.25	
	 	 	 	 	 	 	 	 	 	cpsLβ/cpsLα	 1.10	 1.07	 1.06	 0.97	 0.98	 0.97	 0.85	 0.87	 0.85	
Regressed	Lβ/Lα	 1.09	 1.08	 1.08	 0.98	 0.98	 0.98	 0.85	 0.86	 0.85	
ΣFe-wt%	 15.71	 15.40	 15.30	 12.39	 12.37	 12.39	 8.74	 8.89	 8.52	
Fe3+/ΣFe	(Flank)	 0.01	 0.02	 0.03	 0.03	 0.02	 0.03	 0.01	 0.00	 0.01	
1σ	Fe3+/ΣFe	(Flank)	 0.003	 0.004	 0.004	 0.005	 0.006	 0.004	 0.007	 0.006	 0.008	
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Table	5.3.	Composition	of	garnets	from	kyanite-bearing	eclogite	…	(continue)	
	
Sample	 587A_1		 587A_2		 587A_3		 587A_4		 587_1		 587_2		 587_3		 30_1		
SiO2	 39.51	 39.43	 39.62	 39.58	 38.95	 39.00	 38.98	 40.70	
TiO2	 0.14	 0.15	 0.14	 0.15	 0.14	 0.14	 0.12	 0.41	
Al2O3	 22.65	 22.54	 22.75	 22.66	 22.12	 22.12	 22.14	 22.99	
Cr2O3	 0.02	 0.02	 0.02	 0.02	 0.03	 0.02	 0.02	 0.06	
FeO	 17.37	 17.33	 17.43	 17.32	 20.54	 20.64	 20.70	 10.23	
MnO	 0.30	 0.30	 0.30	 0.30	 0.40	 0.41	 0.42	 0.17	
MgO	 8.47	 8.44	 8.50	 8.41	 7.29	 7.50	 7.51	 13.48	
CaO	 12.44	 12.43	 12.40	 12.51	 10.98	 10.63	 10.58	 11.81	
Na2O	 0.09	 0.09	 0.09	 0.09	 0.11	 0.10	 0.10	 0.20	
Total	 100.99	 100.75	 101.24	 101.05	 100.58	 100.57	 100.58	 100.04	
Atoms	per	12-oxygen	formula	unit	
	 	 	 	 	 	Si	 2.96	 2.96	 2.96	 2.96	 2.97	 2.97	 2.97	 2.97	
Al	 0.01	 0.01	 0.01	 0.01	 0.01	 0.01	 0.01	 0.02	
Ti	 2.00	 2.00	 2.00	 2.00	 1.99	 1.99	 1.99	 1.98	
Cr	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	
Fe	 1.09	 1.09	 1.09	 1.08	 1.31	 1.31	 1.32	 0.62	
Mn	 0.02	 0.02	 0.02	 0.02	 0.03	 0.03	 0.03	 0.01	
Mg	 0.95	 0.95	 0.95	 0.94	 0.83	 0.85	 0.85	 1.47	
Ca	 1.00	 1.00	 0.99	 1.00	 0.90	 0.87	 0.86	 0.92	
Na	 0.01	 0.01	 0.01	 0.01	 0.02	 0.02	 0.01	 0.03	
Total	 8.04	 8.04	 8.03	 8.03	 8.04	 8.04	 8.04	 8.03	
Components	
	 	 	 	 	 	 	 	Almandine	 33.65	 33.66	 33.85	 33.82	 41.02	 41.24	 41.27	 19.16	
Andradite	 1.34	 1.44	 1.18	 1.19	 1.67	 1.69	 1.71	 0.96	
Grossular	 32.34	 32.28	 32.28	 32.62	 28.45	 27.44	 27.31	 29.96	
Pyrope	 31.96	 31.91	 31.98	 31.66	 27.90	 28.66	 28.74	 49.39	
Spessartine	 0.64	 0.65	 0.64	 0.64	 0.87	 0.90	 0.90	 0.36	
Uvarovite	 0.06	 0.06	 0.06	 0.06	 0.08	 0.07	 0.07	 0.17	
	 	 	 	 	 	 	 	 	cpsLβ/cpsLα	 1.01	 1.01	 1.01	 1.01	 1.09	 1.09	 1.10	 0.82	
Regressed	Lβ/Lα	 1.02	 1.02	 1.02	 1.02	 1.11	 1.11	 1.11	 0.82	
ΣFe-wt%	 13.50	 13.47	 13.55	 13.46	 15.97	 16.05	 16.09	 7.95	
Fe3+/ΣFe	(Flank)	 0.03	 0.03	 0.03	 0.03	 0.03	 0.04	 0.03	 0.05	
1σ	Fe3+/ΣFe	(Flank)	 0.003	 0.003	 0.004	 0.003	 0.003	 0.003	 0.003	 0.004	
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Table	5.4.	Composition	of	experimental	garnets	and	the	flank	analysis	results	
	
Sample	 C4398_1a		 C4398_2b	 C4583_1a	 C4583_1b	 C4583_2b	 C4414_1a	 C4414_1b	
SiO2	 39.37	 39.84	 39.46	 39.20	 38.96	 39.08	 41.38	
st.dev.	 0.11	 0.13	 0.15	 0.51	 0.17	 0.27	 2.55	
Al2O3	 22.41	 22.79	 22.09	 22.21	 21.86	 22.48	 21.77	
st.dev.	 0.10	 0.05	 0.10	 0.33	 0.20	 0.51	 1.92	
FeO	 14.07	 13.33	 17.36	 16.11	 17.36	 16.94	 12.55	
st.dev.	 0.42	 0.32	 0.22	 0.84	 0.46	 0.46	 2.18	
MgO	 9.86	 10.32	 8.57	 8.95	 7.97	 9.05	 9.45	
st.dev.	 0.21	 0.25	 0.05	 0.74	 0.24	 0.39	 0.54	
CaO	 12.65	 13.05	 12.93	 12.14	 13.14	 11.87	 13.80	
st.dev.	 0.22	 0.15	 0.08	 1.29	 0.32	 0.87	 1.41	
Na2O	 0.04	 0.04	 0.03	 0.05	 0.03	 0.03	 0.15	
st.dev.	 0.00	 0.00	 0.00	 0.01	 0.02	 0.00	 0.34	
Total	 98.40	 99.36	 100.42	 98.67	 99.34	 99.44	 99.10	
st.dev.	 0.21	 0.25	 0.43	 1.17	 0.66	 0.33	 1.49	
Atoms	per	12-oxygen	formula	unit	
Si	 2.98	 2.98	 2.97	 2.98	 2.97	 2.96	 3.08	
Al	 2.00	 2.01	 1.96	 1.99	 1.97	 2.01	 1.91	
Fe	 0.89	 0.83	 1.09	 1.03	 1.11	 1.07	 0.78	
Mg	 1.11	 1.15	 0.96	 1.02	 0.91	 1.02	 1.05	
Ca	 1.03	 1.04	 1.04	 0.99	 1.07	 0.96	 1.10	
Na	 0.01	 0.01	 0.00	 0.01	 0.00	 0.00	 0.02	
Total	 8.02	 8.02	 8.04	 8.02	 8.04	 8.03	 7.96	
Components	
	 	 	 	 	 	 	Almandine	 28.22	 26.30	 30.80	 32.76	 33.37	 32.93	 24.97	
Andradite	 0.80	 0.63	 0.00	 0.94	 2.74	 1.42	 0.00	
Grossular	 33.64	 34.46	 33.86	 32.26	 33.40	 31.11	 38.42	
Pyrope	 37.34	 38.62	 35.34	 34.05	 30.49	 34.53	 36.61	
	 	 	 	 	 	 	 	cpsLβ/cpsLα	 0.94	 0.91	 0.97	 0.97	 0.99	 1.01	 0.88	
Regressed	Lβ/Lα	 0.94	 0.92	 1.03	 1.00	 1.03	 1.02	 0.90	
ΣFe-wt%	 10.94	 10.36	 13.49	 12.52	 13.50	 13.17	 9.76	
Fe3+/ΣFe	(Flank)	 0.06	 0.07	 0.06	 0.06	 0.05	 0.05	 0.07	
	 	 	 	 	 	 	 	Note:	Composition	is	analysed	by	microprobe.	The	regressed	Lβ/Lα	ratio	is	the	value	after	self-absorption	
correction.	The	error	of	the	flank	analysis	is	less	than	0.01.	Experiments	with	label	(a)	in	the	end	are	from	
the	garnet	layer,	(b)	are	from	the	matrix.		
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Table	5.4.	Composition	of	experimental	garnets	…	(continue)	
	
Sample	 C4443_1b	 C4443_2b	 232_1a	 232_2a	 232_2b	 C4409_1a	 C4409_1b	 C4438_1a	
SiO2	 40.18	 41.20	 39.42	 39.52	 40.66	 39.48	 40.17	 41.30	
st.dev.	 0.55	 1.13	 0.26	 0.14	 2.29	 0.15	 0.49	 2.43	
Al2O3	 22.38	 23.32	 21.79	 22.28	 21.57	 22.40	 23.46	 22.08	
st.dev.	 0.69	 0.81	 0.32	 0.07	 1.88	 0.07	 2.08	 0.66	
FeO	 12.89	 11.75	 17.46	 16.97	 14.60	 17.04	 12.57	 13.59	
st.dev.	 1.94	 0.62	 0.25	 0.21	 2.17	 0.32	 0.80	 1.44	
MgO	 9.81	 10.63	 8.37	 8.53	 9.11	 9.10	 10.11	 9.54	
st.dev.	 0.74	 0.61	 0.31	 0.08	 0.62	 0.14	 0.94	 0.61	
CaO	 14.77	 14.35	 13.25	 13.17	 13.77	 12.01	 13.57	 12.83	
st.dev.	 0.34	 0.77	 0.73	 0.17	 1.06	 0.43	 1.33	 0.76	
Na2O	 0.07	 0.05	 0.03	 0.02	 0.14	 0.02	 0.17	 0.23	
st.dev.	 0.05	 0.02	 0.02	 0.00	 0.33	 0.00	 0.11	 0.23	
Total	 100.11	 101.30	 100.32	 100.50	 99.85	 100.06	 100.05	 99.58	
st.dev.	 0.66	 1.81	 0.34	 0.22	 0.53	 0.30	 0.77	 0.87	
Atoms	per	12-oxygen	formula	unit	
	 	 	 	 	 	Si	 2.99	 3.00	 2.98	 2.97	 3.04	 2.97	 2.97	 3.07	
Al	 1.96	 2.00	 1.94	 1.97	 1.90	 1.99	 2.04	 1.94	
Fe	 0.80	 0.72	 1.10	 1.07	 0.91	 1.07	 0.78	 0.85	
Mg	 1.09	 1.15	 0.94	 0.96	 1.02	 1.02	 1.11	 1.06	
Ca	 1.18	 1.12	 1.07	 1.06	 1.10	 0.97	 1.08	 1.02	
Na	 0.01	 0.01	 0.00	 0.00	 0.02	 0.00	 0.02	 0.03	
Total	 8.03	 8.00	 8.05	 8.04	 8.01	 8.03	 8.01	 7.97	
Components	
	 	 	 	 	 	 	 	Almandine	 24.23	 24.09	 32.33	 32.12	 27.35	 33.05	 26.27	 28.36	
Andradite	 2.19	 0.00	 3.79	 2.49	 2.26	 1.80	 0.00	 0.00	
Grossular	 37.20	 37.39	 32.22	 33.21	 35.57	 30.80	 36.21	 35.20	
Pyrope	 36.38	 38.52	 31.66	 32.17	 34.82	 34.35	 37.52	 36.44	
	 	 	 	 	 	 	 	 	cpsLβ/cpsLα	 0.86	 0.83	 0.96	 0.98	 0.92	 1.00	 0.85	 0.88	
Regressed	Lβ/Lα	 0.91	 0.88	 1.04	 1.02	 0.96	 1.03	 0.90	 0.93	
ΣFe-wt%	 10.02	 9.13	 13.57	 13.19	 11.35	 13.25	 9.77	 10.57	
Fe3+/ΣFe	(Flank)	 0.07	 0.08	 0.06	 0.06	 0.06	 0.05	 0.08	 0.07	
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Table	5.4.	Composition	of	experimental	garnets	…	(continue)	
	
Sample	 C4438_2b	 229_1a	 229_1b	 229_2b		 229_2a	 C4582_1a	 C4582_2b	 C4541_1a	
SiO2	 40.03	 40.11	 41.20	 39.75	 39.72	 39.38	 39.54	 39.56	
st.dev.	 2.50	 0.15	 2.17	 0.37	 0.20	 0.42	 0.55	 0.21	
Al2O3	 22.27	 22.67	 22.35	 22.30	 21.41	 21.54	 22.06	 22.16	
st.dev.	 1.90	 0.19	 0.90	 0.36	 0.22	 0.62	 0.73	 0.38	
FeO	 10.07	 13.98	 12.42	 14.40	 15.19	 17.89	 18.29	 14.30	
st.dev.	 1.58	 1.42	 1.31	 2.25	 0.39	 0.30	 0.88	 1.84	
MgO	 11.06	 9.83	 10.22	 9.16	 9.35	 8.54	 8.13	 8.11	
st.dev.	 1.00	 0.20	 0.74	 0.79	 0.26	 0.07	 0.60	 0.17	
CaO	 13.49	 13.45	 13.52	 14.01	 14.00	 12.90	 12.38	 15.72	
st.dev.	 0.63	 1.14	 0.70	 0.71	 0.36	 0.42	 0.88	 1.10	
Na2O	 0.16	 0.06	 0.06	 0.04	 0.03	 0.04	 0.08	 0.03	
st.dev.	 0.13	 0.00	 0.02	 0.02	 0.01	 0.06	 0.08	 0.01	
Total	 97.08	 100.11	 99.77	 99.66	 99.70	 100.29	 100.48	 99.88	
st.dev.	 6.02	 0.26	 0.58	 0.39	 0.29	 0.32	 0.30	 0.45	
Atoms	per	12-oxygen	formula	unit	
	 	 	 	 	 	Si	 3.02	 2.98	 3.04	 2.98	 2.99	 2.98	 2.98	 2.98	
Al	 1.98	 1.99	 1.95	 1.97	 1.90	 1.92	 1.96	 1.96	
Fe	 0.63	 0.87	 0.77	 0.90	 0.96	 1.13	 1.15	 0.90	
Mg	 1.24	 1.09	 1.13	 1.02	 1.05	 0.96	 0.91	 0.91	
Ca	 1.09	 1.07	 1.07	 1.13	 1.13	 1.04	 1.00	 1.27	
Na	 0.02	 0.01	 0.01	 0.01	 0.00	 0.01	 0.01	 0.01	
Total	 8.00	 8.02	 7.98	 8.02	 8.05	 8.05	 8.04	 8.03	
Components	
	 	 	 	 	 	 	 	Almandine	 21.42	 27.51	 24.78	 27.87	 27.15	 32.59	 35.81	 26.87	
Andradite	 0.00	 1.04	 0.00	 1.83	 4.79	 4.62	 2.32	 2.45	
Grossular	 36.71	 34.91	 36.67	 35.95	 32.99	 30.49	 31.23	 40.13	
Pyrope	 41.87	 36.55	 38.55	 34.35	 35.08	 32.31	 30.65	 30.55	
	 	 	 	 	 	 	 	 	cpsLβ/cpsLα	 0.81	 0.92	 0.86	 0.92	 0.91	 0.98	 1.01	 0.90	
Regressed	Lβ/Lα	 0.83	 0.94	 0.90	 0.95	 0.97	 1.05	 1.06	 0.95	
ΣFe-wt%	 7.83	 10.86	 9.65	 11.19	 11.81	 13.91	 14.22	 11.12	
Fe3+/ΣFe	(Flank)	 0.09	 0.06	 0.07	 0.06	 0.06	 0.06	 0.05	 0.07	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
APPENDIX	I.	CHAPTER	5	 245	
	
Table	5.4.	Composition	of	experimental	garnets	…	(continue)	
	
Sample	 C4541_1b	 C4541_2b	 C4390_1b	 C4390_2b	 C4390_1a	 C4686_2b	 C4686_4b	
SiO2	 39.43	 40.01	 40.52	 39.25	 40.34	 39.19	 40.09	
st.dev.	 0.33	 0.75	 2.22	 0.16	 0.78	 0.16	 0.59	
Al2O3	 22.32	 22.40	 21.69	 22.05	 22.66	 21.97	 22.48	
st.dev.	 0.33	 0.56	 1.63	 0.37	 0.54	 0.07	 0.49	
FeO	 13.22	 13.66	 15.70	 17.28	 12.57	 18.63	 16.95	
st.dev.	 0.78	 1.73	 2.34	 1.33	 0.51	 0.22	 1.68	
MgO	 7.25	 8.16	 8.35	 9.27	 9.77	 8.11	 7.62	
st.dev.	 0.64	 0.67	 0.41	 0.79	 0.08	 0.50	 1.03	
CaO	 17.50	 16.02	 13.23	 11.34	 14.42	 11.50	 13.50	
st.dev.	 1.10	 1.73	 0.67	 2.47	 0.23	 0.78	 2.59	
Na2O	 0.05	 0.10	 0.16	 0.03	 0.09	 0.07	 0.09	
st.dev.	 0.01	 0.14	 0.31	 0.00	 0.15	 0.01	 0.08	
Total	 99.78	 100.34	 99.64	 99.23	 99.85	 99.47	 100.74	
st.dev.	 0.68	 0.36	 2.73	 0.40	 0.26	 0.22	 1.49	
Atoms	per	12-oxygen	formula	unit	
	 	 	 	 	Si	 2.97	 2.99	 3.05	 2.98	 3.00	 2.98	 2.99	
Al	 1.98	 1.97	 1.92	 1.97	 1.98	 1.97	 1.98	
Fe	 0.83	 0.85	 0.99	 1.10	 0.78	 1.18	 1.06	
Mg	 0.81	 0.91	 0.94	 1.05	 1.08	 0.92	 0.85	
Ca	 1.41	 1.28	 1.07	 0.92	 1.15	 0.93	 1.08	
Na	 0.01	 0.01	 0.02	 0.00	 0.01	 0.01	 0.01	
Total	 8.03	 8.03	 8.00	 8.03	 8.01	 8.03	 8.01	
Components	
	 	 	 	 	 	 	Almandine	 25.06	 26.71	 31.18	 33.80	 25.51	 37.72	 35.15	
Andradite	 1.84	 1.52	 0.86	 2.13	 0.53	 1.61	 0.17	
Grossular	 45.71	 41.37	 35.79	 28.84	 37.82	 29.83	 36.16	
Pyrope	 27.40	 30.39	 32.18	 35.22	 36.14	 30.84	 28.52	
	 	 	 	 	 	 	 	cpsLβ/cpsLα	 0.89	 0.90	 0.95	 0.97	 0.89	 1.03	 0.98	
Regressed	Lβ/Lα	 0.92	 0.93	 0.99	 1.03	 0.90	 1.07	 1.02	
ΣFe-wt%	 10.28	 10.62	 12.20	 13.43	 9.77	 14.48	 13.17	
Fe3+/ΣFe	(Flank)	 0.07	 0.07	 0.06	 0.06	 0.07	 0.05	 0.06	
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Table	5.4.	Composition	of	experimental	garnets	…	(continue)	
	
Sample	 C4681_1a	 C4681_1a	 C4681_2b	 C4613_1a	 C4613_2a	 C4613_1b	 C4605_1b	
SiO2	 39.19	 39.12	 38.78	 38.92	 39.12	 38.61	 38.98	
st.dev.	 0.14	 0.13	 0.18	 0.15	 0.14	 0.14	 0.16	
Al2O3	 21.94	 21.93	 21.60	 21.98	 22.03	 21.62	 21.94	
st.dev.	 0.08	 0.10	 0.13	 0.18	 0.14	 0.17	 0.05	
FeO	 18.47	 18.96	 18.11	 15.82	 15.83	 15.45	 18.68	
st.dev.	 0.13	 0.29	 0.18	 0.58	 0.21	 0.33	 0.06	
MgO	 8.26	 8.18	 8.13	 6.74	 6.50	 5.42	 8.25	
st.dev.	 0.04	 0.15	 0.06	 0.33	 0.11	 0.23	 0.03	
CaO	 11.10	 11.08	 11.28	 15.46	 15.88	 17.39	 11.25	
st.dev.	 0.06	 0.07	 0.10	 0.78	 0.21	 0.55	 0.06	
Na2O	 0.07	 0.06	 0.07	 0.04	 0.04	 0.04	 0.07	
st.dev.	 0.01	 0.01	 0.01	 0.00	 0.00	 0.00	 0.00	
Total	 99.02	 99.33	 97.97	 98.97	 99.39	 98.53	 99.17	
st.dev.	 0.37	 0.32	 0.54	 0.39	 0.40	 0.45	 0.19	
Atoms	per	12-oxygen	formula	unit	
	 	 	 	 	Si	 2.98	 2.98	 2.98	 2.98	 2.98	 2.98	 2.97	
Al	 1.97	 1.97	 1.96	 1.98	 1.98	 1.97	 1.97	
Fe	 1.17	 1.20	 1.16	 1.01	 1.01	 1.00	 1.19	
Mg	 0.94	 0.93	 0.93	 0.77	 0.74	 0.62	 0.94	
Ca	 0.90	 0.90	 0.93	 1.27	 1.30	 1.44	 0.92	
Na	 0.01	 0.01	 0.01	 0.01	 0.01	 0.01	 0.01	
Total	 8.02	 8.03	 8.03	 8.03	 8.03	 8.03	 8.03	
Components	
	 	 	 	 	 	 	Almandine	 38.24	 38.48	 37.57	 31.61	 31.75	 30.82	 37.53	
Andradite	 1.13	 1.62	 1.47	 1.55	 1.47	 2.03	 1.77	
Grossular	 29.23	 28.73	 29.71	 41.01	 42.03	 46.21	 29.15	
Pyrope	 31.40	 31.18	 31.24	 25.83	 24.76	 20.94	 31.56	
	 	 	 	 	 	 	 	cpsLβ/cpsLα	 1.03	 1.04	 1.02	 0.96	 0.96	 0.95	 1.03	
Regressed	Lβ/Lα	 1.07	 1.08	 1.06	 0.99	 0.99	 0.98	 1.07	
ΣFe-wt%	 14.36	 14.74	 14.07	 12.30	 12.30	 12.01	 14.52	
Fe3+/ΣFe	(Flank)	 0.05	 0.05	 0.05	 0.06	 0.06	 0.06	 0.05	
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Table	5.4.	Composition	of	experimental	garnets	…	(continue)	
	
Sample	 C4605_1a	 C4605_2a	 C4605_2b		 C4606a_1a	 C4680_1b	 C4680_2b	 C4612_1a	
SiO2	 39.22	 38.73	 39.22	 38.94	 39.15	 38.92	 39.75	
st.dev.	 0.17	 0.27	 0.20	 0.17	 0.12	 0.12	 0.69	
Al2O3	 22.25	 21.69	 21.72	 21.42	 22.24	 22.06	 21.66	
st.dev.	 0.20	 0.21	 0.14	 0.13	 0.06	 0.08	 0.48	
FeO	 18.44	 16.35	 18.15	 17.00	 15.26	 13.97	 15.94	
st.dev.	 0.51	 0.30	 0.22	 0.10	 1.06	 0.58	 0.89	
MgO	 8.31	 8.53	 8.25	 8.36	 5.49	 4.89	 8.33	
st.dev.	 0.20	 0.09	 0.05	 0.04	 0.56	 0.13	 0.34	
CaO	 11.59	 13.02	 11.13	 13.69	 17.44	 19.41	 13.49	
st.dev.	 0.69	 0.20	 0.12	 0.08	 1.61	 0.58	 0.76	
Na2O	 0.03	 0.02	 0.08	 0.03	 0.07	 0.06	 0.10	
st.dev.	 0.01	 0.00	 0.05	 0.00	 0.05	 0.01	 0.07	
Total	 99.84	 98.34	 98.55	 99.45	 99.65	 99.31	 99.28	
st.dev.	 0.40	 1.01	 0.47	 0.25	 0.21	 0.28	 0.49	
Atoms	per	12-oxygen	formula	unit	
	 	 	 	 	Si	 2.97	 2.97	 2.99	 2.97	 2.97	 2.97	 3.01	
Al	 1.99	 1.96	 1.95	 1.93	 1.99	 1.98	 1.94	
Fe	 1.17	 1.05	 1.16	 1.08	 0.97	 0.89	 1.01	
Mg	 0.94	 0.98	 0.94	 0.95	 0.62	 0.56	 0.94	
Ca	 0.94	 1.07	 0.91	 1.12	 1.42	 1.59	 1.10	
Na	 0.00	 0.00	 0.01	 0.00	 0.01	 0.01	 0.02	
Total	 8.02	 8.03	 8.01	 8.06	 8.02	 8.02	 8.01	
Components	
	 	 	 	 	 	 	Almandine	 36.75	 31.13	 37.62	 30.32	 31.37	 27.82	 31.32	
Andradite	 1.50	 2.98	 1.08	 4.89	 0.59	 1.30	 2.11	
Grossular	 30.17	 33.06	 29.64	 32.77	 47.15	 52.15	 34.84	
Pyrope	 31.58	 32.84	 31.67	 32.01	 20.89	 18.73	 31.73	
	 	 	 	 	 	 	 	cpsLβ/cpsLα	 1.03	 0.94	 1.03	 0.95	 0.94	 0.90	 0.93	
Regressed	Lβ/Lα	 1.06	 1.01	 1.06	 1.02	 0.98	 0.94	 0.99	
ΣFe-wt%	 14.34	 12.71	 14.11	 13.22	 11.86	 10.86	 12.39	
Fe3+/ΣFe	(Flank)	 0.05	 0.06	 0.05	 0.06	 0.06	 0.07	 0.06	
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Table	5.4.	Composition	of	experimental	garnets…	(continue)	
	
Sample	 C4612_2a	 C4612_2b		 C4832_1b	 C4289_1b		 C4832_1b	 C4832_2b		 C4832_3b	
SiO2	 38.83	 38.99	 39.59	 38.96	 39.40	 39.76	 39.34	
st.dev.	 0.18	 0.16	 0.24	 0.37	 0.21	 0.60	 0.14	
Al2O3	 21.89	 21.68	 22.39	 20.21	 22.13	 22.26	 22.13	
st.dev.	 0.21	 0.17	 0.27	 0.34	 0.18	 0.20	 0.09	
FeO	 17.34	 18.54	 18.13	 15.95	 18.52	 17.91	 18.60	
st.dev.	 1.07	 0.28	 0.85	 0.56	 0.16	 0.76	 0.11	
MgO	 7.64	 7.98	 8.52	 8.06	 8.30	 8.41	 8.33	
st.dev.	 0.85	 0.53	 0.13	 0.11	 0.04	 0.29	 0.02	
CaO	 13.43	 11.58	 11.42	 13.85	 11.57	 11.73	 11.45	
st.dev.	 0.46	 0.80	 0.54	 0.44	 0.07	 0.52	 0.04	
Na2O	 0.03	 0.06	 0.10	 0.27	 0.08	 0.17	 0.08	
st.dev.	 0.01	 0.01	 0.06	 0.05	 0.01	 0.16	 0.00	
Total	 99.17	 98.82	 100.14	 97.30	 100.00	 100.23	 99.93	
st.dev.	 0.33	 0.25	 0.41	 0.22	 0.47	 0.53	 0.26	
Atoms	per	12-oxygen	formula	unit	
	 	 	 	 	Si	 2.97	 2.98	 2.98	 2.97	 2.97	 2.99	 2.97	
Al	 1.97	 1.95	 1.98	 1.82	 1.97	 1.97	 1.97	
Fe	 1.11	 1.19	 1.14	 1.02	 1.17	 1.13	 1.18	
Mg	 0.87	 0.91	 0.95	 0.92	 0.93	 0.94	 0.94	
Ca	 1.10	 0.95	 0.92	 1.13	 0.94	 0.94	 0.93	
Na	 0.00	 0.01	 0.01	 0.04	 0.01	 0.02	 0.01	
Total	 8.03	 8.02	 8.03	 8.04	 8.03	 8.03	 8.04	
Components	
	 	 	 	 	 	 	Almandine	 33.61	 37.69	 37.03	 28.14	 37.14	 36.80	 37.27	
Andradite	 2.46	 1.93	 0.79	 4.38	 1.62	 0.88	 1.62	
Grossular	 34.60	 29.89	 30.12	 35.34	 29.85	 30.77	 29.55	
Pyrope	 29.33	 30.49	 32.06	 32.14	 31.39	 31.56	 31.56	
	 	 	 	 	 	 	 	cpsLβ/cpsLα	 0.99	 1.03	 1.01	 0.87	 1.04	 1.02	 1.04	
Regressed	Lβ/Lα	 1.03	 1.07	 1.04	 0.98	 1.06	 1.04	 1.06	
ΣFe-wt%	 13.48	 14.41	 14.09	 12.39	 14.39	 13.92	 14.46	
Fe3+/ΣFe	(Flank)	 0.05	 0.05	 0.05	 0.18	 0.03	 0.04	 0.03	
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Table	5.4.	Composition	of	experimental	garnets…	(continue)	
	
Sample	 C4307_1b	 C4307_2b	
SiO2	 39.25	 39.41	
st.dev.	 0.22	 0.35	
Al2O3	 21.76	 20.90	
st.dev.	 0.17	 0.35	
FeO	 14.40	 14.88	
st.dev.	 0.33	 0.68	
MgO	 9.19	 9.45	
st.dev.	 0.76	 0.29	
CaO	 13.91	 13.10	
st.dev.	 0.84	 0.48	
Na2O	 0.15	 0.29	
st.dev.	 0.02	 0.06	
Total	 98.66	 98.04	
st.dev.	 0.36	 0.39	
Atoms	per	12-oxygen	formula	unit	
Si	 2.96	 2.96	
Al	 1.93	 1.85	
Fe	 0.91	 0.94	
Mg	 1.03	 1.06	
Ca	 1.12	 1.06	
Na	 0.02	 0.04	
Total	 8.05	 8.04	
Components	
	 	Almandine	 27.13	 26.57	
Andradite	 2.62	 3.52	
Grossular	 35.35	 33.13	
Pyrope	 34.90	 36.78	
	 	 	cpsLβ/cpsLα	 0.91	 0.88	
Regressed	Lβ/Lα	 0.94	 0.95	
ΣFe-wt%	 11.19	 11.57	
Fe3+/ΣFe	(Flank)	 0.06	 0.14	
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Table	5.5.	Composition	of	natural	Cpx	standards	and	the	flank	method	calibration		
Sample	 RK12		 RK12	 BE9		 Mir+Grt		 Dam+		 F8*	 BE9*	 Mir+Grt*	
SiO2	 51.68	 51.53	 54.29	 48.67	 49.66	 54.49	 54.25	 49.15	
TiO2	 0.73	 0.74	 0.13	 0.56	 0.65	 0.13	 0.14	 0.75	
Al2O3	 2.82	 2.89	 2.24	 9.36	 7.81	 1.60	 2.18	 9.61	
Cr2O3	 0.27	 0.25	 0.08	 0.01	 0.09	 1.69	 0.10	 0.01	
FeO	 2.81	 2.78	 2.36	 6.40	 5.05	 1.64	 2.28	 6.46	
Fe2O3	 1.30	 1.31	 1.20	 1.18	 1.26	 0.60	 1.36	 1.13	
MnO	 0.10	 0.10	 0.08	 0.15	 0.15	 0.09	 0.08	 0.15	
MgO	 16.61	 16.58	 16.13	 14.11	 16.81	 17.92	 16.09	 14.23	
CaO	 22.53	 22.54	 20.96	 16.52	 15.79	 19.46	 21.14	 16.80	
Na2O	 0.42	 0.42	 1.72	 1.40	 1.12	 1.56	 1.69	 1.41	
K2O	 0.00	 0.00	 0.00	 0.00	 0.00	 0.07	 0.00	 0.00	
Total	 99.25	 99.15	 99.20	 98.36	 98.37	 99.26	 99.31	 99.70	
Atoms	per	6-oxygen	formula	unit	
	 	 	 	 	 	 	Si	(T)	 1.89		 1.88		 1.98		 1.80		 1.82		 1.97		 1.97		 1.79		
ΣAl	 0.12		 0.12		 0.10		 0.41		 0.34		 0.07		 0.09		 0.41		
Al	(T)	 0.11		 0.12		 0.02		 0.20		 0.18		 0.03		 0.03		 0.21		
Al	(M1)	 0.01		 0.00		 0.08		 0.21		 0.16		 0.04		 0.06		 0.20		
Cr	(M1)	 0.00		 0.00		 0.00		 0.00		 0.00		 0.02		 0.00		 0.00		
Ti	(T)	 0.02		 0.02		 0.00		 0.02		 0.02		 0.00		 0.00		 0.02		
Fe3+	(M1)	 0.06		 0.06		 0.06		 0.05		 0.05		 0.03		 0.06		 0.04		
Fe2+	(M1)	 0.06		 0.06		 0.04		 0.19		 0.14		 0.04		 0.04		 0.18		
Mg	(M1)	 0.90		 0.90		 0.88		 0.78		 0.92		 0.96		 0.87		 0.77		
Ca	(M2)	 0.88		 0.88		 0.82		 0.65		 0.62		 0.75		 0.82		 0.66		
Na	(M2)	 0.03		 0.03		 0.12		 0.10		 0.08		 0.11		 0.12		 0.10		
Σ	cations	 3.96		 3.95		 4.00		 3.99		 3.99		 3.96		 3.98		 3.98		
End-members	estimation	
	 	 	 	 	 	 	Jadeite	 0.00		 0.00		 0.06		 0.01		 0.00		 0.01		 0.03		 0.00		
Aegirine	 0.03		 0.03		 0.06		 0.09		 0.08		 0.03		 0.06		 0.04		
Escola	 0.10		 0.12		 0.00		 0.00		 0.02		 0.00		 0.00		 0.01		
Ca,Mg-Tschermak	 0.01		 0.00		 0.02		 0.20		 0.16		 0.03		 0.03		 0.20		
Pigeonite	 0.03		 0.03		 0.04		 0.04		 0.12		 0.11		 0.03		 0.03		
Diopside	 0.86		 0.87		 0.82		 0.55		 0.65		 0.82		 0.81		 0.55		
Hedenbergite	 0.06		 0.06		 0.04		 0.13		 0.08		 0.04		 0.04		 0.17		
Other	end	members	 0.02		 0.02		 0.00		 0.02		 0.02		 0.00		 0.00		 0.02		
ΣEnd	members	 1.01		 1.01		 1.04		 1.04		 1.11		 1.06		 1.00		 1.01		
Regressed	Lβ/Lα	 0.59		 0.59		 0.58		 0.66		 0.64		 0.57		 0.60		 0.67		
ΣFe-wt%	 3.09		 3.08		 2.68		 5.80		 4.80		 1.70		 2.72		 5.81		
Fe3+/ΣFe	(Mössbauer)	 0.31		 0.31		 0.22		 0.18		 0.18		 0.15		 0.22		 0.18		
Fe3+/ΣFe	(Flank)	 0.29		 0.30		 0.31		 0.14		 0.18		 0.25		 0.35		 0.14		
1σ	Fe3+/ΣFe	(Flank)	 0.00		 0.00		 0.00		 0.00		 0.00		 0.03		 0.01		 0.01		
Δ	Flank-Mössbauer	 -0.02		 -0.01		 0.09		 -0.04		 0.00		 0.09		 0.13		 -0.04		
Note:	Components	composition	is	based	on	Microprobe	major	elemental	analysis.	The	regressed	Lβ/Lα	
ratio	is	the	value	after	self-absorption	correction.	Samples	with	asterisk	label	are	standards	from	
March	2015.	The	st.dev.	for	Mössbauer	measurements	is	about	±0.01	(Höfer	and	Brey,	2007),	the	flank	
method	error	for	25	grid	analysis.	Δ	Flank-Mössbauer	is	the	difference	of	Fe3+/ΣFe	ratios.	Stoichiometry	
calculation	is	based	on	6-oxygen	unit	and	data	from	microprobe	and	Fe3+/ΣFe	ratio	of	flank	analysis.	
Jadeite	(NaAlSi2O6),	Aegerine	(NaFe
3+Si2O6),	Escola	(Ca0.5 0.5AlSi2O6),	Ca,Mg-Tschermak	(CaAlAlSiO6),	
Pigeonite	(Clinoenstatite	MgMgSi2O6	adn	Clinoferrosillite	FeFeSi2O6),	Diopside	(CaMgSi2O6),	
Hedenbergite	(CaFeSi2O6).			
APPENDIX	I.	CHAPTER	7	 251	
		
Table	7.2	Composition	of	experimental	garnets	and	cation	distribution	per	12-oxygen	
formula	unit	
Sample	 SiO2	 Al2O3	 Fe2O3	 FeO	 MgO	 CaO	
Al	
cat	
Fe3+	
cat	
Fe2+	
cat	
Mg	
cat	
Ca	
cat	
C4390-mat	 39.86	 21.88	 0.92	 13.23	 9.12	 14.21	 1.94	 0.05	 0.83	 1.02	 1.15	
σ	 0.34	 0.62	 0.04	
	
0.73	 0.82	
	 	 	 	 	C4390-layer	 39.56	 21.81	 1.20	 14.53	 8.87	 13.19	 1.95	 0.07	 0.92	 1.00	 1.07	
σ	 0.50	 0.42	 0.01	
	
0.61	 0.95	
	 	 	 	 	C4397-mat	 39.30	 21.88	 1.15	 14.79	 9.27	 12.14	 1.96	 0.07	 0.94	 1.05	 0.99	
σ	 0.41	 0.53	 0.01	
	
1.21	 1.36	
	 	 	 	 	C4397-	layer	 39.20	 21.71	 1.23	 16.05	 8.30	 12.41	 1.95	 0.07	 1.02	 0.94	 1.02	
σ	 0.11	 0.33	 0.01	
	
0.22	 0.60	
	 	 	 	 	C4398-mat	 39.84	 21.91	 0.96	 12.35	 10.38	 13.05	 1.95	 0.06	 0.78	 1.17	 1.05	
σ	 0.31	 0.21	 0.01	
	
0.16	 0.57	
	 	 	 	 	C4398-layer	 40.01	 22.00	 0.97	 13.44	 10.21	 12.65	 1.94	 0.06	 0.84	 1.14	 1.02	
σ	 0.50	 0.16	 0.01	
	
0.45	 0.48	
	 	 	 	 	229-layer	 40.38	 22.17	 0.92	 11.89	 10.22	 13.94	 1.95	 0.05	 0.74	 1.14	 1.11	
σ	 0.01	 0.27	 0.06	
	
0.38	 0.36	
	 	 	 	 	229-mat	 40.82	 22.60	 0.79	 10.43	 11.22	 13.66	 1.97	 0.04	 0.64	 1.24	 1.08	
σ	 0.34	 0.28	 0.01	
	
0.62	 1.58	
	 	 	 	 	C4409-layer	 39.95	 21.69	 1.02	 16.16	 8.45	 13.56	 1.92	 0.06	 1.01	 0.95	 1.09	
σ	 0.23	 0.35	 0.01	
	
0.35	 0.60	
	 	 	 	 	C4409-mat	 40.49	 22.21	 1.07	 13.59	 10.29	 13.19	 1.94	 0.06	 0.84	 1.13	 1.05	
σ	 0.49	 0.74	 0.02	
	
1.74	 0.93	
	 	 	 	 	232-layer	 40.21	 22.08	 0.81	 12.33	 10.43	 13.11	 1.95	 0.05	 0.77	 1.16	 1.05	
σ	 0.71	 0.26	 0.05	
	
0.48	 0.23	
	 	 	 	 	232-mat	 39.62	 21.72	 0.87	 11.59	 9.94	 14.11	 1.94	 0.05	 0.74	 1.12	 1.15	
σ	 0.21	 0.32	 0.04	
	
0.44	 0.68	
	 	 	 	 	C4414-layer	 39.56	 22.01	 1.09	 14.26	 9.78	 11.63	 1.97	 0.06	 0.90	 1.11	 0.95	
σ	 0.51	 1.06	 0.01	
	
1.60	 1.73	
	 	 	 	 	C4414-mat	 41.41	 21.73	 0.98	 11.39	 9.19	 14.65	 1.91	 0.06	 0.71	 1.02	 1.17	
σ	 0.03	 0.03	 0.01	
	
0.26	 0.85	
	 	 	 	 	C4438-layer	 39.36	 21.82	 1.24	 14.90	 8.95	 12.77	 1.95	 0.07	 0.95	 1.01	 1.04	
σ	 0.46	 0.42	 0.01	
	
0.53	 1.51	
	 	 	 	 	C4438-mat	 40.01	 22.19	 1.50	 13.87	 10.01	 12.34	 1.95	 0.08	 0.87	 1.11	 0.99	
σ	 0.77	 0.79	 0.01	
	
0.75	 1.86	
	 	 	 	 	C4443-layer	 40.20	 21.58	 1.07	 13.80	 9.00	 14.20	 1.91	 0.06	 0.87	 1.01	 1.14	
σ	 0.35	 0.56	 0.01	
	
0.57	 1.00	
	 	 	 	 	C4443-mat	 39.9	 22.5	 1.42	 14.36	 8.7	 13.6	 1.98	 0.08	 0.90	 0.97	 1.09	
σ	 0.3	 0.4	 0.01	
	
0.6	 0.0	
	 	 	 	 	C4541-mat	 39.79	 22.30	 0.94	 11.76	 8.11	 16.84	 1.97	 0.05	 0.74	 0.91	 1.35	
σ	 0.25	 0.11	 0.01	
	
0.63	 0.64	
	 	 	 	 	C4541-layer	 39.43	 22.05	 1.05	 13.14	 8.26	 14.96	 1.97	 0.06	 0.83	 0.93	 1.22	
σ	 0.12	 0.09	 0.01	
	
0.24	 1.68	
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Table	7.2	Composition	of	experimental	…	(continue)	
	
Sample	 SiO2	 Al2O3	 Fe2O3	 FeO	 MgO	 CaO	
Al	
cat	
Fe3+	
cat	
Fe2+	
cat	
Mg	
cat	
Ca	
cat	
C4582-layer	 39.17	 21.70	 1.10	 16.76	 8.01	 12.76	 1.95	 0.06	 1.07	 0.91	 1.04	
σ	 0.41	 0.22	 0.59	
	
1.13	 0.28	
	 	 	 	 	C4582-mat	 38.92	 21.36	 0.94	 15.81	 5.14	 17.22	 1.94	 0.05	 1.02	 0.59	 1.42	
σ	 0.46	 0.37	 0.01	
	
0.48	 2.51	
	 	 	 	 	C4583-mat	 39.13	 21.21	 1.12	 16.66	 5.54	 16.41	 1.91	 0.06	 1.07	 0.63	 1.36	
σ	 0.48	 0.54	 0.02	
	
1.69	 1.73	
	 	 	 	 	C4583-layer	 38.16	 20.88	 1.36	 21.16	 4.86	 12.60	 1.92	 0.08	 1.46	 0.56	 1.05	
σ	 0.50	 0.54	 0.01	
	
1.30	 0.60	
	 	 	 	 	C4605-layer	 39.12	 21.79	 1.09	 16.46	 8.43	 12.65	 1.95	 0.07	 1.05	 0.96	 1.03	
σ	 0.36	 0.41	 0.06	
	
0.11	 0.93	
	 	 	 	 	C4605-mat	 39.22	 21.72	 1.02	 17.23	 8.25	 11.13	 1.96	 0.06	 1.10	 0.94	 0.91	
σ	 0.20	 0.14	 0.02	
	
0.05	 0.12	
	 	 	 	 	C4606a-lay	 39.86	 21.81	 1.16	 16.56	 8.69	 12.56	 1.93	 0.07	 1.04	 0.97	 1.01	
σ	 0.71	 0.46	 0.03	
	
0.82	 1.38	
	 	 	 	 	C4606a-mat	 38.56	 20.09	 1.56	 24.82	 4.60	 11.43	 1.84	 0.09	 1.62	 0.53	 0.95	
σ	 0.63	 0.54	 0.05	
	
0.47	 0.60	
	 	 	 	 	C4612-layer	 39.29	 21.78	 1.00	 15.74	 7.99	 13.46	 1.95	 0.06	 1.00	 0.91	 1.10	
σ	 0.65	 0.16	 0.04	
	
0.49	 0.05	
	 	 	 	 	C4612-mat	 38.96	 21.43	 1.16	 19.48	 5.89	 13.30	 1.94	 0.07	 1.25	 0.67	 1.09	
σ	 0.26	 0.49	 0.01	
	
1.58	 1.27	
	 	 	 	 	C4613-layer	 39.05	 21.88	 1.00	 14.73	 6.80	 15.10	 1.98	 0.06	 0.94	 0.78	 1.24	
σ	 0.24	 0.14	 0.01	
	
0.27	 0.54	
	 	 	 	 	C4613-mat	 39.07	 21.61	 1.11	 15.78	 5.75	 15.61	 1.96	 0.06	 1.02	 0.66	 1.29	
σ	 0.52	 0.30	 0.01	
	
0.50	 1.00	
	 	 	 	 	C4680-mat	 38.08	 21.07	 0.96	 13.43	 5.54	 16.66	 1.96	 0.06	 0.89	 0.65	 1.41	
σ	 0.62	 0.16	 0.08	
	
0.61	 0.80	
	 	 	 	 	C4681-mat	 39.04	 21.76	 1.03	 17.58	 8.22	 11.03	 1.97	 0.06	 1.13	 0.94	 0.91	
σ	 0.18	 0.20	 0.01	
	
0.09	 0.26	
	 	 	 	 	C4686-mat	 39.19	 21.97	 1.05	 17.69	 8.11	 11.50	 1.97	 0.06	 1.13	 0.92	 0.94	
σ	 0.16	 0.07	 0.03	
	
0.50	 0.78	
	 	 	 	 	C4832-
matrix	 40.27	 22.17	 0.83	 17.17	 8.32	 11.43	 1.96	 0.05	 1.08	 0.93	 0.92	
σ	 1.68	 0.17	 0.11	
	
0.16	 0.28	
	 	 	 	 		 	 	 	 	 	 	 	 	 	 	 	
Note:	Composition	analysed	by	SEM	(CAM,	ANU),	given	as	average	of	minimum	8	analysis.	The	Fe2O3	
and	FeO	are	based	on	the	results	of	flank	method	analysis	(Goethe	University,	Frankfurt,	Germany).	σ	is	
the	standard	deviation	of	minimum	8	analysis;	for	Fe2O3	is	uncertainty	of	the	flank	analysis.	The	cation	
distribution	is	based	on	12-oxygen	formula	unit;	mat	–	a	sample	from	matrix,	layer	is	from	Grt	layer				
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Table	7.3	Composition,	activities	and	calculation	values	of	experimental	grossular,	
andradite	and	almandine	
	
	
C4390-mat	 C4390-layer	 C4397-mat	 C4397-layer	 C4398-mat	
T	(K) 1273	 1273	 1173	 1173	 1373	
P	(kbar)	 35	 35	 35	 35	 35	
XCadodec	 0.38	 0.36	 0.33	 0.34	 0.35	
XFedodec	 0.28	 0.31	 0.32	 0.34	 0.26	
XMgdodec	 0.34	 0.33	 0.35	 0.32	 0.39	
XAloct	 0.97	 0.97	 0.97	 0.96	 0.97	
XFe3+oct	 0.026	 0.034	 0.033	 0.035	 0.028	
aGros	 0.0848	 0.0698	 0.0654	 0.0659	 0.0663	
aAndr	 0.0006	 0.0010	 0.0011	 0.0013	 0.0005	
aAlm	 0.0184	 0.0239	 0.0253	 0.0324	 0.0148	
GGros	(J)	 -26123	 -28184	 -26593	 -26528	 -30973	
GAndr	(J)	 -78059	 -73527	 -66048	 -64819	 -86476	
GAlm	(J)	 -42301	 -39522	 -35873	 -33446	 -48121	
G i
de
al
	(J
)	 Gros	 -31131	 -33357	 -32927	 -32238	 -36435	
Andr	 -107766	 -104357	 -99082	 -96889	 -117845	
Alm	 -41288	 -38187	 -34383	 -31980	 -46889	
G d
od
ex
	(J
)	 Gros	 1884	 2013	 2401	 2212	 2058	
Andr	 1884	 2013	 2401	 2212	 2058	
Alm	 -87	 -133	 -200	 -182	 -139	
G r
ec
ex
	 (J
)	 Gros	 -644	 -866	 -869	 -925	 -712	
Andr	 24055	 24790	 25830	 25435	 25195	
Alm	 -753	 -934	 -890	 -920	 -814	
In
te
ra
ct
io
n	
pa
ra
m
et
er
s	(
J/
m
ol
)	 Ca-Fe	 -1278	 -1278	 -1109	 -1109	 -1447	
Fe-Ca	 5672	 5672	 5841	 5841	 5503	
Ca-Mg	 14689	 14689	 15267	 15267	 14111	
Mg-Ca	 4506	 4506	 5084	 5084	 3928	
Mg-Fe	 4567	 4567	 4567	 4567	 4567	
Fe-Mg	 695	 695	 695	 695	 695	
ΔGreciprex	 39955	 39955	 39955	 39955	 39955	
C 1
23
		 Gros	 73	 13	 134	 -121	 381	
Andr	 73	 13	 134	 -121	 381	
Alm	 73	 13	 134	 -121	 381	
Note:	mat	–	garnet	from	matrix,	layer	is	from	Grt	layer;	Gros	–	grossular,	Andr	–	andradite,	alm	–	
almandine;	T(K)	–	temperature	in	Kelvins,	P	(kbar)	–	pressure	in	kbar;	XCa
dodec,	XFe
dodec,	XMg
dodec	are	mole	
fractions	of	Ca,Fe2+	and	Mg	in	dodecahedral	position;	XAl
oct	and	XFe3+
oct	are	mole	fractions	of	Al	and	Fe3+	in	
octahedral	position;	aGros,	aAndr,	aAlm	are	activities	of	grossular,	andradite	and	almandine;	GGros,	GAndr,	GAlm	
are	partial	Gibbs	energy	of	components	in	Joules;	Gideal	(J)	is	the	ideal	energy	of	mixing	of	component;	
Gdod
ex	(J)	is	the	excess	energy	of	mixing	in	dodecahedral	site;	ΔGreciprex	(J)	is	the	reciprocal	excess	energy	
of	mixing	(Chapter	6);	C123	(J/mole)	is	the	ternary	term.	See	text	for	references	of	interaction	parameter	
equation	source	(Chapter	7)	
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Table	7.3	Composition,	activities…	(continue)	
	 	
C4398-layer	 229-layer	 229-mat	 C4409-layer	 C4409-mat	
T	(K) 1373	 1473	 1473	 1223	 1223	
P	(kbar)	 35	 60	 60	 35	 35	
XCadodec	 0.34	 0.37	 0.36	 0.36	 0.35	
XFedodec	 0.28	 0.25	 0.22	 0.33	 0.28	
XMgdodec	 0.38	 0.38	 0.42	 0.31	 0.38	
XAloct	 0.97	 0.97	 0.98	 0.97	 0.97	
XFe3+oct	 0.028	 0.026	 0.022	 0.029	 0.030	
aGros	 0.0601	 0.0769	 0.0768	 0.0726	 0.0714	
aAndr	 0.0005	 0.0004	 0.0003	 0.0008	 0.0009	
aAlm	 0.0188	 0.0143	 0.0098	 0.0308	 0.0176	
GGros	 -32104	 -31410	 -31433	 -26671	 -26845	
GAndr	 -87079	 -95644	 -99241	 -72490	 -71362	
GAlm	 -45343	 -52004	 -56660	 -35397	 -41070	
G i
de
al
	(J
)	 Gros	 -37718	 -36930	 -37574	 -31983	 -32985	
Andr	 -119116	 -126131	 -130642	 -103478	 -103626	
Alm	 -44110	 -51877	 -56570	 -34190	 -39646	
G d
od
ex
	(J
)	 Gros	 2113	 2053	 2231	 2018	 2309	
Andr	 2113	 2053	 2231	 2018	 2309	
Alm	 -147	 213	 197	 -146	 -186	
G r
ec
ex
	 (J
)	 Gros	 -727	 -638	 -553	 -741	 -786	
Andr	 25697	 24330	 24708	 24934	 25339	
Alm	 -790	 -764	 -681	 -770	 -867	
In
te
ra
ct
io
n	
pa
ra
m
et
er
s	(
J/
m
ol
)	 Ca-Fe	 -1447	 -1616	 -1616	 -1194	 -1194	
Fe-Ca	 5503	 6084	 6084	 5756	 5756	
Ca-Mg	 14111	 13833	 13833	 14978	 14978	
Mg-Ca	 3928	 4800	 4800	 4795	 4795	
Mg-Fe	 4567	 6317	 6317	 4567	 4567	
Fe-Mg	 695	 695	 695	 695	 695	
ΔGreciprex	 39955	 39780	 39780	 39955	 39955	
C 1
23
	 Gros	 319	 222	 332	 -169	 291	
Andr	 319	 222	 332	 -169	 291	
Alm	 319	 222	 332	 -169	 291	
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Table	7.3	Composition,	activities…	(continue)	
	 	
232-layer	 232-mat	 C4414-layer	 C4414-mat	 C4438-layer	
T	(K)	 1573	 1573	 1223	 1223	 1273	
P	(kbar)	 60	 60	 35	 35	 35	
XCadodec	 0.35	 0.38	 0.32	 0.40	 0.35	
XFedodec	 0.26	 0.24	 0.31	 0.24	 0.32	
XMgdodec	 0.39	 0.37	 0.37	 0.35	 0.34	
XAloct	 0.98	 0.98	 0.97	 0.97	 0.97	
XFe3+oct	 0.023	 0.025	 0.031	 0.028	 0.035	
aGros	 0.0636	 0.0764	 0.0589	 0.1000	 0.0644	
aAndr	 0.0003	 0.0003	 0.0008	 0.0009	 0.0010	
aAlm	 0.0164	 0.0140	 0.0233	 0.0126	 0.0256	
GGros	 -36033	 -33627	 -28793	 -23416	 -29030	
GAndr	 -108242	 -105254	 -71924	 -71680	 -73363	
GAlm	 -53743	 -55851	 -38224	 -44499	 -38773	
G i
de
al
	(J
)	 Gros	 -41569	 -38476	 -35410	 -28279	 -34393	
Andr	 -139552	 -134712	 -105718	 -100383	 -104834	
Alm	 -53711	 -55903	 -36763	 -43507	 -37374	
G d
od
ex
	(J
)	 Gros	 2044	 1818	 2482	 1844	 2089	
Andr	 2044	 1818	 2482	 1844	 2089	
Alm	 216	 264	 -205	 -49	 -151	
G r
ec
ex
	 (J
)	 Gros	 -595	 -606	 -830	 -669	 -904	
Andr	 25180	 24003	 26347	 23172	 25203	
Alm	 -681	 -740	 -847	 -846	 -947	
In
te
ra
ct
io
n	
pa
ra
m
et
er
s	(
J/
m
ol
)	 Ca-Fe	 -1785	 -1785	 -1194	 -1194	 -1278	
Fe-Ca	 5915	 5915	 5756	 5756	 5672	
Ca-Mg	 13255	 13255	 14978	 14978	 14689	
Mg-Ca	 4222	 4222	 4795	 4795	 4506	
Mg-Fe	 6317	 6317	 4567	 4567	 4567	
Fe-Mg	 695	 695	 695	 695	 695	
ΔGreciprex	 39780	 39780	 39955	 39955	 39955	
C 1
23
	 Gros	 233	 214	 280	 187	 32	
Andr	 233	 214	 280	 187	 32	
Alm	 233	 214	 280	 187	 32	
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Table	7.3	Composition,	activities…	(continue)	
	
	
C4438-mat	 C4443-layer	 C4443-mat	 C4541-mat	 C4541-layer	
T	(K)	 1273	 1273	 1273	 1373	 1373	
P	(kbar)	 35	 35	 35	 35	 35	
XCadodec	 0.33	 0.38	 0.37	 0.45	 0.41	
XFedodec	 0.29	 0.29	 0.30	 0.25	 0.28	
XMgdodec	 0.38	 0.33	 0.33	 0.30	 0.31	
XAloct	 0.96	 0.97	 0.96	 0.97	 0.97	
XFe3+oct	 0.041	 0.030	 0.039	 0.026	 0.030	
aGros	 0.0587	 0.0812	 0.0728	 0.1161	 0.0897	
aAndr	 0.0013	 0.0008	 0.0013	 0.0006	 0.0007	
aAlm	 0.0194	 0.0200	 0.0226	 0.0138	 0.0191	
GGros	 -30004	 -26582	 -27731	 -24585	 -27525	
GAndr	 -69943	 -74993	 -70424	 -85226	 -83558	
GAlm	 -41706	 -41411	 -40093	 -48900	 -45164	
G i
de
al
	(J
)	 Gros	 -35840	 -31482	 -32543	 -27842	 -31423	
Andr	 -102443	 -104714	 -100470	 -110401	 -111126	
Alm	 -39993	 -40266	 -38673	 -48647	 -44350	
G d
od
ex
	(J
)	 Gros	 2312	 1885	 1931	 1277	 1533	
Andr	 2312	 1885	 1931	 1277	 1533	
Alm	 -182	 -92	 -113	 179	 12	
G r
ec
ex
	 (J
)	 Gros	 -1100	 -757	 -980	 -574	 -700	
Andr	 25564	 24064	 24254	 21343	 22970	
Alm	 -1167	 -868	 -1080	 -789	 -851	
In
te
ra
ct
io
n	
pa
ra
m
et
er
s	(
J/
m
ol
)	 Ca-Fe	 -1278	 -1278	 -1278	 -1447	 -1447	
Fe-Ca	 5672	 5672	 5672	 5503	 5503	
Ca-Mg	 14689	 14689	 14689	 14111	 14111	
Mg-Ca	 4506	 4506	 4506	 3928	 3928	
Mg-Fe	 4567	 4567	 4567	 4567	 4567	
Fe-Mg	 695	 695	 695	 695	 695	
ΔGreciprex	 39955	 39955	 39955	 39955	 39955	
C 1
23
	 Gros	 287	 19	 -34	 -118	 -115	
Andr	 287	 19	 -34	 -118	 -115	
Alm	 287	 19	 -34	 -118	 -115	
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Table	7.3	Composition,	activities…	(continue)	
	 	
C4582-layer	 C4582-mat	 C4583-mat	 C4583-layer	 C4605-layer	
T	(K)	 1273	 1273	 1373	 1373	 1173	
P	(kbar)	 35	 35	 35	 35	 35	
XCadodec	 0.35	 0.47	 0.45	 0.34	 0.34	
XFedodec	 0.35	 0.34	 0.35	 0.47	 0.35	
XMgdodec	 0.30	 0.19	 0.21	 0.18	 0.32	
XAloct	 0.97	 0.97	 0.97	 0.96	 0.97	
XFe3+oct	 0.031	 0.027	 0.032	 0.040	 0.034	
aGros	 0.0625	 0.1321	 0.1082	 0.0505	 0.0659	
aAndr	 0.0008	 0.0008	 0.0008	 0.0009	 0.0012	
aAlm	 0.0368	 0.0346	 0.0370	 0.0857	 0.0332	
GGros	 -29344	 -21423	 -25390	 -34077	 -26524	
GAndr	 -75814	 -75992	 -80766	 -80287	 -65610	
GAlm	 -34949	 -35596	 -37631	 -28048	 -33216	
G i
de
al
	(J
)	 Gros	 -34461	 -24618	 -28452	 -37678	 -32267	
Andr	 -107100	 -100400	 -105987	 -110178	 -97740	
Alm	 -33678	 -35194	 -36876	 -26482	 -31787	
G d
od
ex
	(J
)	 Gros	 1979	 1257	 1260	 1552	 2211	
Andr	 1979	 1257	 1260	 1552	 2211	
Alm	 -154	 106	 30	 -241	 -182	
G r
ec
ex
	 (J
)	 Gros	 -820	 -575	 -718	 -1054	 -889	
Andr	 25349	 20637	 21441	 25235	 25497	
Alm	 -809	 -719	 -844	 -842	 -881	
In
te
ra
ct
io
n	
pa
ra
m
et
er
s	(
J/
m
ol
)	 Ca-Fe	 -1278	 -1278	 -1447	 -1447	 -1109	
Fe-Ca	 5672	 5672	 5503	 5503	 5841	
Ca-Mg	 14689	 14689	 14111	 14111	 15267	
Mg-Ca	 4506	 4506	 3928	 3928	 5084	
Mg-Fe	 4567	 4567	 4567	 4567	 4567	
Fe-Mg	 695	 695	 695	 695	 695	
ΔGreciprex	 39955	 39955	 39955	 39955	 39955	
C 1
23
	 Gros	 -232	 -1206	 -1067	 -1015	 -130	
Andr	 -232	 -1206	 -1067	 -1015	 -130	
Alm	 -232	 -1206	 -1067	 -1015	 -130	
	
	
	
	
	
	
	
	
	
	
258	 APPENDIX	I.	CHAPTER	7		
	
	
Table	7.3	Composition,	activities…	(continue)	
	
	
C4605-mat	 C4606a-layer	 C4606a-mat	 C4612-layer	 C4612-mat	
T	(K)	 1173	 1273	 1273	 1373	 1373	
P	(kbar)	 35	 35	 35	 35	 35	
XCadodec	 0.31	 0.33	 0.31	 0.37	 0.36	
XFedodec	 0.37	 0.34	 0.52	 0.33	 0.41	
XMgdodec	 0.32	 0.32	 0.17	 0.30	 0.22	
XAloct	 0.97	 0.97	 0.95	 0.97	 0.97	
XFe3+oct	 0.029	 0.033	 0.047	 0.028	 0.033	
aGros	 0.0533	 0.0583	 0.0378	 0.0680	 0.0624	
aAndr	 0.0008	 0.0008	 0.0013	 0.0005	 0.0007	
aAlm	 0.0426	 0.0335	 0.1090	 0.0319	 0.0593	
GGros	 -28600	 -30091	 -34673	 -30693	 -31676	
GAndr	 -69324	 -74943	 -70667	 -86012	 -83006	
GAlm	 -30776	 -35950	 -23460	 -39324	 -32243	
G i
de
al
	(J
)	 Gros	 -34960	 -35523	 -38485	 -35168	 -35549	
Andr	 -103302	 -106980	 -102155	 -115856	 -112359	
Alm	 -29434	 -34593	 -21736	 -38270	 -30952	
G d
od
ex
	(J
)	 Gros	 2389	 2104	 1705	 1731	 1575	
Andr	 2389	 2104	 1705	 1731	 1575	
Alm	 -203	 -163	 -274	 -100	 -169	
G r
ec
ex
	 (J
)	 Gros	 -807	 -880	 -1303	 -719	 -852	
Andr	 26811	 25726	 26373	 24650	 24628	
Alm	 -732	 -867	 -901	 -755	 -782	
In
te
ra
ct
io
n	
pa
ra
m
et
er
s	(
J/
m
ol
)	 Ca-Fe	 -1109	 -1278	 -1278	 -1447	 -1447	
Fe-Ca	 5841	 5672	 5672	 5503	 5503	
Ca-Mg	 15267	 14689	 14689	 14111	 14111	
Mg-Ca	 5084	 4506	 4506	 3928	 3928	
Mg-Fe	 4567	 4567	 4567	 4567	 4567	
Fe-Mg	 695	 695	 695	 695	 695	
ΔGreciprex	 39955	 39955	 39955	 39955	 39955	
C 1
23
	 Gros	 -98	 -81	 -974	 -233	 -811	
Andr	 -98	 -81	 -974	 -233	 -811	
Alm	 -98	 -81	 -974	 -233	 -811	
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Table	7.3	Composition,	activities…	(continue)	
	 	
C4613-layer	 C4613-mat	 C4680-mat	 C4681-mat	 C4686-mat	
T	(K)	 1473	 1473	 1273	 1173	 1273	
P	(kbar)	 35	 35	 40	 30	 30	
XCadodec	 0.42	 0.43	 0.48	 0.30	 0.31	
XFedodec	 0.32	 0.34	 0.30	 0.38	 0.38	
XMgdodec	 0.26	 0.22	 0.22	 0.32	 0.31	
XAloct	 0.97	 0.97	 0.97	 0.97	 0.97	
XFe3+oct	 0.029	 0.032	 0.028	 0.029	 0.030	
aGros	 0.0901	 0.0974	 0.1394	 0.0505	 0.0491	
aAndr	 0.0005	 0.0007	 0.0008	 0.0008	 0.0006	
aAlm	 0.0289	 0.0355	 0.0255	 0.0442	 0.0443	
GGros	 -29482	 -28522	 -20857	 -29111	 -31899	
GAndr	 -92698	 -89691	 -74938	 -69709	 -78395	
GAlm	 -43394	 -40870	 -38848	 -30427	 -32993	
G i
de
al
	(J
)	 Gros	 -32689	 -31418	 -24045	 -35344	 -37392	
Andr	 -119127	 -115184	 -98965	 -103745	 -111312	
Alm	 -42710	 -40113	 -38750	 -28958	 -31592	
G d
od
ex
	(J
)	 Gros	 1289	 1204	 1259	 2348	 2101	
Andr	 1289	 1204	 1259	 2348	 2101	
Alm	 31	 25	 230	 -249	 -222	
G r
ec
ex
	 (J
)	 Gros	 -662	 -716	 -588	 -810	 -810	
Andr	 22561	 21880	 20251	 26994	 26613	
Alm	 -776	 -832	 -788	 -723	 -736	
In
te
ra
ct
io
n	
pa
ra
m
et
er
s	(
J/
m
ol
)	 Ca-Fe	 -1616	 -1616	 -1278	 -1109	 -1278	
Fe-Ca	 5334	 5334	 5822	 5691	 5522	
Ca-Mg	 13533	 13533	 14749	 15207	 14629	
Mg-Ca	 3350	 3350	 4796	 4794	 4216	
Mg-Fe	 4567	 4567	 4917	 4217	 4217	
Fe-Mg	 695	 695	 695	 695	 695	
ΔGreciprex	 39955	 39955	 39920	 39990	 39990	
C 1
23
	 Gros	 -542	 -905	 -834	 -116	 -180	
Andr	 -542	 -905	 -834	 -116	 -180	
Alm	 -542	 -905	 -834	 -116	 -180	
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Table	7.3	Composition,	activities…	(continue)	
	
	
C4832-mat	 		 		 		
T	(K)	 1273	
	 	 	P	(kbar)	 35	
	 	 	XCadodec	 0.31	
	 	 	XFedodec	 0.37	
	 	 	XMgdodec	 0.32	
	 	 	XAloct	 0.98	
	 	 	XFe3+oct	 0.023	
	 	 	aGros	 0.0517	
	 	 	aAndr	 0.0004	
	 	 	aAlm	 0.0428	
	 	 	GGros	 -31357	
	 	 	GAndr	 -82957	
	 	 	GAlm	 -33354	
	 	 	
G i
de
al
	(J
)	 Gros	 -37294	
	 	 	Andr	 -116307	
	 	 	Alm	 -32232	
	 	 	
G d
od
ex
	(J
)	 Gros	 2192	
	 	 	Andr	 2192	
	 	 	Alm	 -177	
	 	 	
G r
ec
ex
	 (J
)	 Gros	 -641	
	 	 	Andr	 26773	
	 	 	Alm	 -590	
	 	 	
In
te
ra
ct
io
n	
pa
ra
m
et
er
s	(
J/
m
ol
)	 Ca-Fe	 -1278	
	 	 	Fe-Ca	 5672	
	 	 	Ca-Mg	 14689	
	 	 	Mg-Ca	 4506	
	 	 	Mg-Fe	 4567	
	 	 	Fe-Mg	 695	
	 	 	ΔGreciprex		 39955	
	 	 	
C 1
23
	 Gros	 -102	
	 	 	Andr	 -102	
	 	 	Alm	 -102	 	 	 	
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Table	7.4	Compositions	of	experimental	clinopyroxene	and	activity	of	hedenbergite	
calculation	(Notes	are	in	the	last	page	of	the	table)	
Sample	 C4390	 C4397		 C4398	 229	 232	 C4409	 C4414	
T(K)	 1273	 1173	 1373	 1473	 1573	 1223	 1223	
P(kbar)	 35	 35	 35	 60	 60	 35	 35	
SiO2	 52.49	 53.60	 51.04	 55.21	 53.65	 53.95	 51.86	
σ	 0.82	 0.28	 0.21	 0.52	 0.33	 0.14	 0.57	
Al2O3	 12.42	 12.21	 11.67	 14.11	 16.77	 11.40	 11.18	
σ	 0.79	 0.25	 0.30	 0.93	 0.45	 0.58	 1.43	
FeO	 3.38	 2.73	 4.72	 2.58	 2.60	 2.99	 3.55	
σ	 0.39	 0.19	 0.25	 0.00	 0.12	 0.22	 0.78	
MgO	 9.64	 9.29	 9.84	 7.95	 6.92	 11.06	 9.52	
σ	 0.44	 0.18	 0.05	 0.55	 0.26	 0.61	 0.78	
CaO	 17.71	 15.84	 18.07	 13.49	 12.84	 18.39	 17.13	
σ	 0.48	 0.44	 0.34	 0.90	 0.28	 1.08	 0.75	
Na2O	 3.33	 4.64	 2.60	 5.98	 5.45	 3.27	 3.37	
σ	 0.10	 0.18	 0.20	 0.42	 0.16	 0.46	 0.36	
Total	 98.97	 98.31	 97.93	 99.31	 98.23	 101.06	 96.61	
Atoms	per	6	oxygens	formula	unit	
	 	 	 	 	Si	 1.89	 1.93	 1.88	 1.96	 1.92	 1.90	 1.92	
Al	 0.53	 0.52	 0.51	 0.59	 0.70	 0.47	 0.49	
Fe	 0.10	 0.08	 0.15	 0.08	 0.08	 0.09	 0.11	
Mg	 0.52	 0.50	 0.54	 0.42	 0.36	 0.58	 0.52	
Ca	 0.69	 0.61	 0.71	 0.51	 0.49	 0.70	 0.68	
Na	 0.23	 0.32	 0.19	 0.41	 0.38	 0.22	 0.24	
Total	 3.96	 3.97	 3.96	 3.96	 3.93	 3.96	 3.96	
XCa	(M2)	 0.69	 0.63	 0.74	 0.53	 0.53	 0.72	 0.71	
XMg	(M2)	 0.04	 0.04	 0.07	 0.04	 0.06	 0.04	 0.03	
XNa	(M2)	 0.23	 0.33	 0.19	 0.43	 0.41	 0.23	 0.25	
XAl	(M1)	 0.42	 0.45	 0.38	 0.54	 0.62	 0.38	 0.40	
XMg	(M1)	 0.48	 0.47	 0.48	 0.38	 0.30	 0.54	 0.49	
XFe	(M1)	 0.10	 0.08	 0.15	 0.08	 0.08	 0.09	 0.11	
XAl	(T)	 0.05	 0.03	 0.06	 0.02	 0.04	 0.05	 0.04	
XSi	(T)	 0.95	 0.97	 0.94	 0.98	 0.96	 0.95	 0.96	
aHed	 0.072	 0.057	 0.107	 0.044	 0.044	 0.055	 0.075	
GHed	(J)	 -27796	 -27881	 -25521	 -38280	 -40978	 -29439	 -26376	
Gideal	(J)	 -29400	 -29384	 -26961	 -39237	 -42481	 -29260	 -27094	
GM2ex	(J)	 1263	 2195	 1205	 4050	 4371	 1217	 1228	
GM1ex	(J)	 5574	 7012	 4290	 6896	 6710	 3896	 5202	
ΔGreciprocalex(J)	 -5232	 -7704	 -4055	 -9989	 -9578	 -5291	 -5710	
C123	(M1)	 -4431	 -3493	 -5254	 -2470	 -2456	 -4540	 -4217	
C123	(M2)	 -13926	 -19625	 -7132	 -15782	 -14852	 -12225	 -13154	
WCa-Mg	(J/mol)	 30913	 30913	 30913	 30760	 30760	 30913	 30913	
WMg-Ca	(J/mol)	 25768	 25768	 25768	 25971	 25971	 25768	 25768	
WMg(Fe)-Al	(J/mol)	 -3716	 -4681	 -2751	 -1786	 -821	 -4198	 -4198	
WAl-Mg(Fe)	(J/mol)	 46599	 53559	 39639	 32679	 25719	 50079	 50079	
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Table	7.4	Compositions	of	experimental	clinopyroxene…	(continue)	
Sample	 C4438	 C4443	 C4541	 C4582	 C4583	 C4605	 C4606a	
T(K)	 1273	 1273	 1473	 1273	 1373	 1173	 1273	
P(kbar)	 35	 35	 35	 35	 35	 35	 35	
SiO2	 51.62	 53.13	 51.04	 50.54	 50.72	 53.97	 52.83	
σ	 0.95	 0.83	 0.65	 1.34	 0.33	 0.32	 1.03	
Al2O3	 8.92	 10.38	 12.39	 6.98	 7.24	 11.60	 5.70	
σ	 1.66	 0.65	 0.99	 2.23	 1.40	 1.45	 0.54	
FeO	 5.76	 2.95	 4.23	 10.27	 11.55	 3.74	 10.14	
σ	 0.70	 0.25	 0.02	 0.63	 0.43	 0.41	 1.33	
MgO	 10.81	 11.20	 9.65	 9.61	 8.39	 9.19	 10.34	
σ	 0.57	 0.32	 0.47	 0.54	 0.82	 0.80	 0.37	
CaO	 18.80	 18.46	 18.79	 19.08	 19.38	 16.66	 19.51	
σ	 0.92	 0.55	 0.05	 0.40	 0.08	 0.85	 0.32	
Na2O	 2.55	 3.28	 2.82	 2.45	 2.28	 4.36	 2.67	
σ	 0.60	 0.24	 0.06	 0.33	 0.31	 0.42	 0.11	
Total	 98.01	 99.44	 98.92	 98.93	 99.59	 99.52	 101.19	
Atoms	per	6	oxygens	formula	unit	
	 	 	 	 	Si	 1.92	 1.91	 1.84	 1.90	 1.91	 1.93	 1.93	
Al	 0.36	 0.44	 0.56	 0.31	 0.32	 0.49	 0.25	
Fe	 0.17	 0.09	 0.13	 0.24	 0.33	 0.11	 0.23	
Mg	 0.61	 0.60	 0.51	 0.54	 0.47	 0.49	 0.56	
Ca	 0.74	 0.71	 0.74	 0.77	 0.78	 0.64	 0.77	
Na	 0.18	 0.23	 0.20	 0.18	 0.17	 0.30	 0.19	
Total	 3.99	 3.98	 3.98	 4.01	 4.00	 3.97	 4.00	
XCa	(M2)	 0.75	 0.73	 0.76	 0.83	 0.80	 0.66	 0.83	
XMg	(M2)	 0.06	 0.04	 0.04	 0.00	 0.03	 0.02	 0.00	
XNa	(M2)	 0.19	 0.24	 0.20	 0.19	 0.17	 0.31	 0.20	
XAl	(M1)	 0.28	 0.35	 0.40	 0.20	 0.23	 0.42	 0.18	
XMg	(M1)	 0.55	 0.56	 0.47	 0.56	 0.44	 0.47	 0.59	
XFe	(M1)	 0.17	 0.09	 0.13	 0.24	 0.33	 0.11	 0.23	
XAl	(T)	 0.04	 0.04	 0.08	 0.05	 0.05	 0.03	 0.04	
XSi	(T)	 0.96	 0.96	 0.92	 0.95	 0.95	 0.97	 0.97	
aHed	 0.109	 0.051	 0.088	 0.142	 0.246	 0.075	 0.127	
GHed	(J)	 -23424	 -31417	 -29806	 -20694	 -16008	 -25268	 -21880	
Gideal	(J)	 -22498	 -30116	 -30470	 -18113	 -16263	 -26213	 -18262	
GM2ex	(J)	 1041	 1126	 908	 53	 491	 1674	 -64	
GM1ex	(J)	 1802	 2927	 4192	 1090	 2610	 6333	 494	
ΔGreciprocalex(J)	 -3769	 -5355	 -4437	 -3724	 -2845	 -7063	 -4048	
C123	(M1)	 -5293	 -4452	 -4844	 -3456	 -4994	 -3645	 -2959	
C123	(M2)	 2546	 -9236	 -7392	 13968	 10698	 -15774	 16800	
WCa-Mg	(J/mol)	 30913	 30913	 30913	 30913	 30913	 30913	 30913	
WMg-Ca	(J/mol)	 25768	 25768	 25768	 25768	 25768	 25768	 25768	
WMg(Fe)-Al	(J/mol)	 -3716	 -3716	 -1786	 -3716	 -2751	 -4681	 -3716	
WAl-Mg(Fe)	(J/mol)	 46599	 46599	 32679	 46599	 39639	 53559	 46599	
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Table	7.4	Compositions	of	experimental	clinopyroxene…	(continue)	
Sample	 C4612	 C4613	 C4680	 C4681	 C4686	 C4832	
T(K)	 1373	 1473	 1273	 1173	 1273	 1273	
P(kbar)	 35	 35	 40	 30	 30	 35	
SiO2	 51.79	 49.55	 50.68	 52.59	 51.65	 52.78	
σ	 0.22	 0.36	 0.20	 0.30	 0.44	 0.54	
Al2O3	 8.19	 12.54	 15.34	 10.31	 13.01	 14.48	
σ	 1.01	 1.51	 0.68	 0.38	 0.83	 0.69	
FeO	 9.40	 7.47	 4.00	 4.94	 5.22	 4.14	
σ	 0.84	 0.57	 1.29	 0.78	 0.29	 0.77	
MgO	 9.26	 8.32	 7.52	 9.23	 8.23	 8.24	
σ	 0.17	 1.06	 0.14	 0.41	 0.70	 0.62	
CaO	 18.87	 18.40	 17.34	 17.10	 17.93	 14.17	
σ	 0.24	 0.31	 0.20	 0.14	 0.59	 0.66	
Na2O	 2.43	 2.40	 2.42	 3.76	 3.19	 4.71	
σ	 0.11	 0.13	 0.25	 0.23	 0.14	 0.65	
Total	 99.94	 98.69	 97.29	 97.93	 99.24	 98.51	
Atoms	per	6	oxygens	formula	unit	
	 	 	 	Si	 1.91	 1.83	 1.85	 1.93	 1.88	 1.90	
Al	 0.36	 0.55	 0.66	 0.45	 0.56	 0.61	
Fe	 0.29	 0.23	 0.12	 0.15	 0.16	 0.12	
Mg	 0.51	 0.46	 0.41	 0.51	 0.45	 0.44	
Ca	 0.75	 0.73	 0.68	 0.67	 0.70	 0.55	
Na	 0.17	 0.17	 0.17	 0.27	 0.22	 0.33	
Total	 3.99	 3.98	 3.89	 3.98	 3.97	 3.95	
XCa	(M2)	 0.76	 0.75	 0.76	 0.68	 0.72	 0.58	
XMg	(M2)	 0.07	 0.08	 0.04	 0.04	 0.05	 0.07	
XNa	(M2)	 0.18	 0.18	 0.19	 0.28	 0.23	 0.35	
XAl	(M1)	 0.27	 0.38	 0.51	 0.38	 0.44	 0.51	
XMg	(M1)	 0.44	 0.39	 0.37	 0.47	 0.40	 0.37	
XFe	(M1)	 0.29	 0.23	 0.12	 0.15	 0.16	 0.12	
XAl	(T)	 0.04	 0.08	 0.08	 0.04	 0.06	 0.05	
XSi	(T)	 0.96	 0.92	 0.93	 0.97	 0.94	 0.95	
aHed	 0.219	 0.181	 0.130	 0.105	 0.143	 0.096	
GHed	(J)	 -17316	 -20930	 -21613	 -21947	 -20611	 -24845	
Gideal	(J)	 -18441	 -23556	 -26940	 -22906	 -24159	 -29312	
GM2ex	(J)	 1078	 1221	 818	 1580	 1270	 3430	
GM1ex	(J)	 3080	 4732	 8746	 5255	 7054	 8746	
ΔGreciprocalex(J)	 -3033	 -3327	 -4236	 -5875	 -4775	 -7708	
C123	(M1)		 -5572	 -5612	 -4959	 -4087	 -4696	 -3215	
C123	(M2)	 5933	 -4072	 -19576	 -9554	 -12938	 -19576	
WCa-Mg	(J/mol)	 30913	 30913	 30882	 30943	 30943	 30913	
WMg-Ca	(J/mol)	 25768	 25768	 25809	 25728	 25728	 25768	
WMg(Fe)-Al	(J/mol)	 -2751	 -1786	 -3716	 -4681	 -3716	 -3716	
WAl-Mg(Fe)	(J/mol)	 39639	 32679	 46599	 53559	 46599	 46599	
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Note:	All	given	compositions	of	experimental	clinopyroxene	are	averages	of	minimum	
8	points	measurements	on	SEM	and/or	minimum	25	(5x5	grid)	spots	analysis	on	
microprobe.	Standard	deviations	are	given	below	each	compound.	Experimental	
temperature	is	given	in	Kelvins	and	pressure	is	in	kilobars.	Cation	distribution	is	
normalized	to	6	oxygens	formula	unit.	The	distribution	order	is	given	in	Chapter	6.	
Mole	fractions	(XCa,	XMg	etc.)		are	calculated	following	the	principle	described	in	
Chapter	7.	The	position	of	cation	mole	fraction	is	given	in	brackets:	(T)	–	tetrahedral	
position;	(M1)	and	(M2)	are	for	M1	and	M2	octahedras	respectively.	aHed	–	the	activity	
of	Hedenbergite;	GHed	(J)	is	partial	Gibbs	energy	of	Hedenbergite	in	Joules.	Gideal	(J)	is	
the	ideal	energy	of	mixing	of	component;	GM2ex	(J)	is	the	excess	energy	of	mixing	in	M2	
site;	GM1ex	(J)	is	the	excess	energy	of	mixing	in	M1	site;	ΔGreciprocalex	(J)	is	the	reciprocal	
excess	energy	of	mixing	(Chapter	6);	C123	(M1)	and	C123	(M2)	are	the	ternary	term	in	
Joule/mole	for	M1	and	M2	sites	respectively.	WCa-Mg	(J/mol)	etc.	are	the	Margulis	
interaction	parameters,	see	text	for	references	of	interaction	parameter	equation	
source	(Chapter	7).	WMg(Fe)-Al	are	interaction	parameter	for	Mg-Al	and	Fe-Al	pairs;	WAl-
Mg(Fe)	are	interaction	parameters	for	Al.	
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Table	7.5.	Calculation	of	experimental	fO2	monitored	by	Fe-Pd	and	Fe-Ir	alloys.	The	
main	thermodynamic	properties	and	results	for	kyanite	and	hedenbergite-based	
reactions.	
	
Sample	 C4443	 C4541	 C4582	 C4605	 C4605	 C4606a	
Sensor	material	 Pd	 Pd	 Fe90Pd10	 Pd	 Fe90Pd10	 Fe90Pd10	
T	(K)	 1273	 1373	 1273	 1173	 1173	 1273	
P	(kbar)	 35	 35	 35	 35	 35	 35	
Kyanite	stability	 Corundum	 No	 No	 Yes	 Yes	 Corundum	
	 	 	 	 	 	 	ΔGr	{sensorHed}		 318682	 306369	 318682	 331687	 331687	 318682	
ΔGr	{sensorKy}	 510325	 513583	 510325	 508057	 508057	 510325	
XFe	 0.09	 0.10	 0.33	 0.10	 0.33	 0.19	
σ	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	
log(XFe)	 -1.06	 -0.99	 -0.48	 -1.02	 -0.49	 -0.73	
σ	 0.01	 0.01	 0.00	 0.02	 0.00	 0.00	
log(γFe)	 -2.60	 -2.25	 -0.71	 -2.72	 -0.78	 -1.65	
σ	
log(aFe)	
0.01	
-3.67	
0.01	
-3.24	
0.00	
-1.19	
0.02	
-3.75	
0.00	
-1.27	
0.00	
-2.38	
σ	 0.02	 0.02	 0.02	 0.04	 0.02	 0.01	
	
matrix	 matrix	 matrix	 matrix	 matrix	 matrix	
aAlm	 0.02	 0.01	 0.03	 0.04	 0.04	 0.11	
aGros	 0.07	 0.12	 0.13	 0.05	 0.05	 0.04	
aHed	 0.05	 0.09	 0.14	 0.07	 0.07	 0.13	
log	fO2	{sensorHed}	 -7.20	 -6.53	 -11.73	 -8.44	 -13.39	 -9.07	
σ	 0.03	 0.05	 0.16	 0.06	 0.16	 0.03	
log	fO2	{sensorKy}	 -7.72	 -7.78	 -12.55	 -8.51	 -13.46	 -9.85	
σ	 0.03	 0.05	 0.06	 0.05	 0.06	 0.03	
	
layer	 layer	 layer	 layer	 layer	 layer	
aAlm	 0.02	 0.02	 0.04	 0.03	 0.03	 0.03	
aGros	 0.08	 0.09	 0.06	 0.07	 0.07	 0.06	
aHed	 0.05	 0.09	 0.14	 0.07	 0.07	 0.13	
log	fO2	{sensorHed}	 -7.23	 -6.45	 -11.62	 -8.50	 -13.46	 -9.27	
σ	 0.03	 0.05	 0.16	 0.06	 0.16	 0.03	
log	fO2	{sensorKy}	 -7.76	 -7.68	 -12.53	 -8.58	 -13.53	 -10.16	
σ	 0.03	 0.05	 0.06	 0.05	 0.06	 0.03	
	
Note:	Sensor	material	is	a	starting	composition	of	noble	metal	alloy	fO2	sensor.	Experimental	
temperature	in	Kelvins,	pressure	in	kbar.	Kyanite	stability	in	experimental	sample	(Yes);	no	presence	of	
kyanite	in	a	sample	(No);	stable	corundum	(Corundum).	ΔGr	{sensorHed}	is	the	free	Gibbs	energy	of	
hedenbergite-based	redox	reaction	for	fO2	sensoring	(Reaction	7.2)	and	ΔGr	{sensorKy}	for	kyanite-based	
one	(Reaction	7.4).	XFe	is	the	mole	fraction	of	Fe	in	Fe-Pd	or	Fe-Ir	alloy	and	log(XFe);	γFe	is	the	activity	
coefficient	of	Fe	in	alloy;	aFe	is	the	activity	of	iron	in	the	sensor	alloy.	Activities	of	garnet	end-members,	
Almandine	(aAlm)	and	Grossular	(aGros),	are	evaluated	from	garnets	from	Matrix	(labelled	matrix)	and	
garnet	layer	(layer);	aHed	is	the	activity	of	hedenbergite.	Log	fO2	{sensorHed}is	the	calculated	oxygen	
fugacity	of	experiment	with	hedenbergite-based	reaction.	log	fO2	{sensorKy}	is	the	calculated	oxygen	
fugacity	of	experiment	with	kyanite-based	reaction. σ	is	the	standard	deviation	for	Fe	mole	fraction	in	
Fe-Ir	and	Fe-Pd	alloys	and	log	fO2	estimate;		
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Table	7.5.	Calculation	of	experimental	fO2	…(continue)	
	
		 C4612	 C4612	 C4613	 C4680	 C4680	 C4681	
Sensor	material	 Pd	 Fe90Pd10	 Pd	 Pd	 Fe90Pd10	 Pd	
T	(K)	 1373	 1373	 1473	 1273	 1273	 1173	
P	(kbar)	 35	 35	 35	 40	 40	 30	
Kyanite	stability	 No	 No	 No	 Corundum	 Corundum	 Yes	
	 	 	 	 	 	 	ΔGr	{sensorHed}	 306369	 306369	 294705	 306555	 306555	 343770	
ΔGr	{sensorKy}	 513583	 513583	 517769	 494739	 494739	 523575	
XFe	 0.11	 0.13	 0.13	 0.13	 0.14	 0.11	
σ	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	
log(XFe)	 -0.96	 -0.88	 -0.88	 -0.90	 -0.86	 -0.97	
σ	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	
log(γFe)	 -2.18	 -1.97	 -1.84	 -2.20	 -2.07	 -2.58	
σ	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	
log(aFe)	 -3.13	 -2.84	 -2.71	 -3.10	 -2.92	 -3.55	
σ	 0.01	 0.01	 0.01	 0.01	 0.01	 0.00	
	 	 	 	 	 	 	
	
matrix	 matrix	 matrix	 matrix	 matrix	 matrix	
aAlm	 0.06	 0.06	 0.04	 0.03	 0.03	 0.04	
aGros	 0.06	 0.06	 0.10	 0.14	 0.14	 0.05	
aHed	 0.22	 0.22	 0.18	 0.13	 0.13	 0.11	
log	fO2	{sensorHed}	 -6.05	 -6.64	 -5.91	 -7.52	 -7.87	 -9.19	
σ	 0.01	 0.01	 0.01	 0.01	 0.01	 0.00	
log	fO2	{sensorKy}	 -7.58	 -8.16	 -7.78	 -8.40	 -8.75	 -9.35	
σ	 0.01	 0.01	 0.01	 0.01	 0.01	 0.00	
	 	 	 	 	 	 	
	
layer layer layer
	 	 	aAlm	 0.03	 0.03	 0.03	
	 	 	aGros	 0.07	 0.07	 0.09	
	 	 	aHed	 0.22	 0.22	 0.18	
	 	 	log	fO2	{sensorHed}	 -6.16	 -6.74	 -5.93	
	 	 	σ	 0.01	 0.01	 0.01	
log	fO2	{sensorKy}	 -7.76	 -8.34	 -7.84	 		 		 		
σ	 0.01	 0.01	 0.01	 	 	 	
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Table	7.5.	Calculation	of	experimental	fO2	…(continue)	
	
		 C4681	 C4686	 C4686	 C4832	 C4397	
Sensor	material	 Fe90Pd10	 Pd	 Fe90Pd10	 Pd	 Ir	
T	(K)	 1173	 1273	 1273	 1273	 1173	
P	(kbar)	 30	 30	 30	 35	 35	
Kyanite	stability	 Yes	 Corundum	 Corundum	 Yes	 	Yes	
	 	 	 	 	
	
ΔGr	{sensorHed}	 343770	 330847	 330847	 318682	 331687	
ΔGr	{sensorKy}	 523575	 525902	 525902	 510325	 508057	
XFe	 0.16	 0.11	 0.15	 0.12	 0.03	
σ	 0.00	 0.00	 0.00	 0.00	 0.01	
log(XFe)	 -0.78	 -0.96	 -0.82	 -0.91	 -1.49	
σ	 0.00	 0.00	 0.00	 0.00	 0.27	
log(γFe)	 -1.99	 -2.35	 -1.94	 -2.22	 -2.08	
σ	 0.00	 0.00	 0.00	 0.00	 0.04	
log(aFe)	 -2.77	 -3.30	 -2.75	 -3.13	 -3.57	
σ	 0.00	 0.00	 0.00	 0.00	 0.25	
	 	 	 	 	
	
	
matrix	 matrix	 matrix	 matrix	 matrix	
aAlm	 0.04	 0.04	 0.04	 0.04	 0.02	
aGros	 0.05	 0.05	 0.05	 0.05	 0.06	
aHed	 0.11	 0.14	 0.14	 0.10	 0.06	
log	fO2	{sensorHed}	 -10.76	 -7.83	 -8.93	 -7.87	 -9.00	
σ	 0.00	 0.00	 0.00	 0.00	 0.31	
log	fO2	{sensorKy}	 -10.90	 -8.68	 -9.79	 -8.62	 -9.00	
σ	 0.00	 0.00	 0.00	 0.00	 0.31	
	 	 	 	 	
	
	 	 	 	 	
	
aAlm	
	 	 	 	
0.03	
aGros	
	 	 	 	
0.07	
aHed	
	 	 	 	
0.06	
log	fO2	{sensorHed}	
	 	 	 	
-8.97	
σ	 0.31	
log	fO2	{sensorKy}	 		 		 		 		 -8.97	
σ	 	 	 	 	 0.31	
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Table	7.5.	Calculation	of	experimental	fO2	…(continue)	
	
		 C4398	 229	 C4409	 C4414	 C4443	 C4832	
Sensor	material	 Ir	 Ir	 Ir	 Ir	 Ir	 Ir	
T	(K)	 1373	 1473	 1223	 1223	 1273	 1273	
P	(kbar)	 35	 60	 35	 35	 35	 35	
Kyanite	stability	 	No	 	Yes	 Corundum		 	Yes	 	Corundum	 	Yes	
	 	 	 	 	 	 	ΔGr	{sensorHed}	 306369	 233641	 325095	 325095	 318682	 318682	
ΔGr	{sensorKy}	 513583	 439170	 509064	 509064	 510325	 510325	
XFe	 0.047	 0.037	 0.032	 0.036	 0.006	 0.053	
σ	 0.003	 0.007	 0.001	 0.019	 0.005	 0.004	
log(XFe)	 -1.331	 -1.434	 -1.500	 -1.445	 -2.234	 -1.275	
σ	 0.02	 0.002	 0.01	 0.35	 0.8	 0.03	
log(γFe)	 -1.738	 -1.586	 -2.000	 -1.986	 -2.002	 -1.855	
σ	 0.01	 0.001	 0.00	 0.05	 0.01	 0.01	
log(aFe)	 -3.069	 -3.020	 -3.499	 -3.431	 -4.236	 -3.130	
σ	 0.01	 0.01	 0.01	 0.41	 0.7	 0.07	
	 	 	 	 	 	 	
	
matrix	 matrix	 matrix	 matrix	 matrix	 matrix	
aAlm	 0.015	 0.014	 0.014	 0.014	 0.023	 0.043	
aGros	 0.069	 0.079	 0.083	 0.102	 0.076	 0.053	
aHed	 0.107	 0.044	 0.055	 0.075	 0.051	 0.096	
log	fO2	{sensorHed}	 -6.71	 -3.85	 -8.41	 -8.44	 -6.07	 -7.87	
σ	 0.13	 0.15	 0.09	 0.7	 1.91	 0.08	
log	fO2	{sensorKy}	 -8.10	 -5.58	 -8.74	 -8.87	 -6.58	 -8.61	
σ	 0.15	 0.1	 0.07	 0.7	 1.99	 0.88	
	 	 	 	 	 	 	
	
layer	 layer	 layer	 layer	 layer	
	aAlm	 0.019	 0.010	 0.031	 0.024	 0.020	
	aGros	 0.062	 0.079	 0.075	 0.062	 0.084	
	aHed	 0.107	 0.044	 0.055	 0.075	 0.051	
	log	fO2	{sensorHed}	 -6.66	 -3.90	 -8.15	 -8.29	 -6.10	
	σ	 0.13	 0.15	 0.09	 0.7	 1.91	
log	fO2	{sensorKy}	 -8.03	 -5.68	 -8.38	 -8.72	 -6.62	 		
σ	 0.15	 0.1	 0.07	 0.7	 1.99	 	
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Table	7.6.	Results	of	eclogite	oxybarometer	experimental	calibration.	(Notes	in	the	end	of	
table)	
Sample	 C4390	 C4397	 229	 232	 C4414	 C4605	 C4681	
T	(K)	 1273	 1173	 1473	 1573	 1223	 1173	 1173	
P	(kbar)	 35	 35	 60	 60	 35	 35	 30	
ΔGr	{Hed}	 -141904	 -169274	 -70841	 -42536	 -155609	 -169274	 -172001	
ΔGr	{Ky}	 -117599	 -140660	 -18694	 4980	 -129123	 -140660	 -151210	
Kyanite	 Yes	 Yes	 Yes	 Yes	 Yes	 Yes	 Yes	
Grt	source	 matrix	 matrix	 matrix	 matrix	 matrix	 matrix	 matrix	
Ac
tiv
iti
es
	 Gros	 0.0848	 0.0654	 0.0768	 0.0764	 0.1000	 0.0533	 0.0505	
Andr	 0.0006	 0.0011	 0.0003	 0.0003	 0.0009	 0.0008	 0.0008	
Alm	 0.0184	 0.0253	 0.0098	 0.0140	 0.0126	 0.0426	 0.0442	
Hed	 0.0724	 0.0573	 0.0439	 0.0436	 0.0747	 0.0750	 0.1054	
log	fO2	{Hed}	 -6.75	 -7.35	 -3.06	 -1.85	 -7.44	 -8.12	 -9.00	
σ	 0.07	 0.02	 0.02	 0.07	 0.03	 0.04	 0.00	
log	fO2	{Ky}	 -6.77	 -7.65	 -2.79	 -2.12	 -7.10	 -8.06	 -8.54	
σ	 0.07	 0.02	 0.02	 0.07	 0.03	 0.04	 0.00	
lo
g	
fO
2	P
d	 {sensorHed}	
	 	 	 	 	
-8.44	 -9.21	
σ	
	 	 	 	 	
0.06	 0.00	
{sensorKy}	
	 	 	 	 	
-8.51	 -9.35	
σ	
	 	 	 	 	
0.05	 0.00	
lo
g	
fO
2	
Fe
90
Pd
10
	 {sensorHed}	
	 	 	 	 	
-13.39	 -10.76	
σ	
	 	 	 	 	
0.16	 0.00	
{sensorKy}	
	 	 	 	 	
-13.46	 -10.90	
σ	
	 	 	 	 	
0.06	 0.00	
lo
g	
fO
2	I
r	 {sensorHed}	
	
-9.00	 -3.85	
	
-8.24	
	 	σ	
	
0.31	 0.15	
	
0.70	
	 	{sensorKy}	
	
-9.00	 -5.58	
	
-8.67	
	 	σ	 		 0.31	 0.15	 		 0.70	 		 		
Grt	source	 layer	 layer	 layer	 layer	 layer	 layer	
	
Ac
tiv
iti
es
	 Gros	 0.0698	 0.0659	 0.0769	 0.0636	 0.0589	 0.0659	
	Andr	 0.0010	 0.0013	 0.0004	 0.0003	 0.0008	 0.0012	
	Alm	 0.0239	 0.0324	 0.0143	 0.0164	 0.0233	 0.0332	
	Hed	 0.0724	 0.0573	 0.0439	 0.0436	 0.0747	 0.0750	
	log	fO2	{Hed}	 -6.31	 -7.21	 -2.75	 -1.99	 -7.29	 -7.85	
	σ	 0.00	 0.03	 0.11	 0.10	 0.02	 0.26	
	log	fO2	{Ky}	 -6.38	 -7.69	 -2.76	 -2.25	 -7.02	 -7.77	
	σ	 0.00	 0.03	 0.11	 0.10	 0.02	 0.26	
	
lo
g	
fO
2	P
d	 {sensorHed}	 		 		 		 		 		 -8.50	 		
σ	
	 	 	 	 	
0.06	
	{sensorKy}	
	 	 	 	 	
-8.58	
	σ	
	 	 	 	 	
0.05	
	
lo
g	
fO
2	
Fe
90
Pd
10
	 {sensorHed}	
	 	 	 	 	
-13.46	
	σ	
	 	 	 	 	
0.16	
	{sensorKy}	
	 	 	 	 	
-13.53	
	σ	
	 	 	 	 	
0.06	
	
lo
g	
fO
2	I
r	 {sensorHed}	
	
-8.97	 -3.90	
	
-8.09	
	 	σ	
	
0.31	 0.15	
	
0.70	
	 	{sensorKy}	
	
-8.97	 -5.68	
	
-8.52	
	 	σ	 		 0.31	 0.15	 		 0.70	 		 		
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Table	7.6.	Results	of	eclogite	oxybarometer	experimental	calibration…	(continue)		
	
Sample	 C4832	 C4398	 C4438	 C4541	 C4582	 C4583	 C4612	
T	(K)	 1273	 1373	 1273	 1373	 1273	 1373	 1373	
P	(kbar)	 35	 35	 35	 35	 35	 35	 35	
ΔGr	{Hed}	 -141904	 -114363	 -151776	 -114363	 -141904	 -114363	 -114363	
ΔGr	{Ky}	 -117599	 -94580	 -125895	 -94580	 -117599	 -94580	 -94580	
Kyanite	 Yes	 No	 No	 No	 No	 No	 No	
Grt	source	 matrix	 matrix	 matrix	 matrix	 matrix	 matrix	 matrix	
Ac
tiv
iti
es
	 Gros	 0.0517	 0.0663	 0.0587	 0.1161	 0.1321	 0.1082	 0.0624	
Andr	 0.0004	 0.0005	 0.0013	 0.0006	 0.0008	 0.0008	 0.0007	
Alm	 0.0428	 0.0148	 0.0194	 0.0138	 0.0346	 0.0370	 0.0593	
Hed	 0.0956	 0.1069	 0.1094	 0.0877	 0.1415	 0.2460	 0.2194	
log	fO2	{Hed}	 -7.56	 -6.29	 -7.32	 -5.86	 -8.01	 -7.61	 -7.38	
σ	 0.26	 0.04	 0.33	 0.02	 0.00	 0.02	 0.02	
log	fO2	{Ky}	 -7.24	 -5.38	 -6.16	 -5.73	 -7.36	 -5.90	 -5.87	
σ	 0.26	 0.04	 0.33	 0.02	 0.00	 0.02	 0.02	
lo
g	
fO
2	P
d	 {sensorHed}	 -7.87	
	 	
-6.53	
	 	
-6.05	
σ	 0.00	
	 	
0.05	
	 	
0.01	
{sensorKy}	 -8.62	
	 	
-7.78	
	 	
-7.58	
σ	 0.00	
	 	
0.05	
	 	
0.01	
lo
g	
fO
2	
Fe
90
Pd
10
	 {sensorHed}	
	 	 	 	
-11.73	
	
-6.64	
σ	
	 	 	 	
0.16	
	
0.01	
{sensorKy}	
	 	 	 	
-12.55	
	
-8.16	
σ	
	 	 	 	
0.06	
	
0.01	
lo
g	
fO
2	I
r	 {sensorHed}	 -7.86	 -6.71	
	 	 	 	 	σ	 0.08	 0.13	
	 	 	 	 	{sensorKy}	 -8.61	 -8.10	
	 	 	 	 	σ	 0.08	 0.13	 		 		 		 		 		
Grt	source	
	
layer	 layer	 layer	 layer	 layer	 layer	
Ac
tiv
iti
es
	 Gros	
	
0.0601	 0.0644	 0.0897	 0.0625	 0.0505	 0.0680	
Andr	
	
0.0005	 0.0010	 0.0007	 0.0008	 0.0009	 0.0005	
Alm	
	
0.0188	 0.0256	 0.0191	 0.0368	 0.0857	 0.0319	
Hed	
	
0.1069	 0.1094	 0.0877	 0.1415	 0.2460	 0.2194	
log	fO2	{Hed}	
	
-6.29	 -7.17	 -5.65	 -7.88	 -7.34	 -7.71	
σ	
	
0.02	 0.01	 0.02	 1.38	 0.00	 0.07	
log	fO2	{Ky}	
	
-5.48	 -6.34	 -5.57	 -6.73	 -5.69	 -5.81	
σ	
	
0.02	 0.01	 0.02	 1.38	 0.00	 0.07	
lo
g	
fO
2	P
d	 {sensorHed}	 		 		 		 -6.45	 		 		 -6.16	
σ	
	 	 	
0.05	
	 	
0.01	
{sensorKy}	
	 	 	
-7.68	
	 	
-7.76	
σ	
	 	 	
0.05	
	 	
0.01	
lo
g	
fO
2	
Fe
90
Pd
10
	 {sensorHed}	
	 	 	 	
-11.62	
	
-6.74	
σ	
	 	 	 	
0.16	
	
0.01	
{sensorKy}	
	 	 	 	
-12.53	
	
-8.34	
σ	
	 	 	 	
0.06	
	
0.01	
lo
g	
fO
2	I
r	 {sensorHed}	
	
-6.66	
	 	 	 	 	σ	
	
0.13	
	 	 	 	 	{sensorKy}	
	
-8.03	
	 	 	 	 	σ	 		 0.13	 		 		 		 		 		
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Table	7.6.	Results	of	eclogite	oxybarometer	experimental	calibration…	(continue)		
	
Sample	 C4613	 C4409	 C4443	 C4606a	 C4680	 C4686	
T	(K)	 1473	 1223	 1273	 1273	 1273	 1273	
P	(kbar)	 35	 35	 35	 35	 40	 30	
ΔGr	{Hed}	 -86639	 -155609	 -141904	 -141904	 -139034	 -144697	
ΔGr	{Ky}	 -71584	 -129123	 -117599	 -117599	 -107043	 -128282	
Kyanite	 No	 Corundum	 Corundum	 Corundum	 Corundum	 Corundum	
Grt	source	 matrix	 matrix	 matrix	 matrix	 matrix	 matrix	
Ac
tiv
iti
es
	 Gros	 0.0974	 0.0714	 0.0728	 0.0378	 0.1394	 0.0491	
Andr	 0.0007	 0.0009	 0.0013	 0.0013	 0.0008	 0.0006	
Alm	 0.0355	 0.0176	 0.0226	 0.1090	 0.0255	 0.0443	
Hed	 0.1811	 0.0553	 0.0514	 0.1265	 0.1298	 0.1427	
log	fO2	{Hed}	 -5.87	 -6.66	 -5.33	 -6.98	 -7.67	 -8.16	
σ	 0.01	 0.03	 0.02	 0.05	 0.15	 0.05	
log	fO2	{Ky}	 -4.94	 -6.98	 -6.14	 -6.50	 -6.70	 -7.27	
σ	 0.01	 0.03	 0.02	 0.05	 0.15	 0.05	
lo
g	
fO
2	P
d	 {sensorHed}	 -5.91	
	
-7.20	
	
-7.46	 -7.83	
σ	 0.01	
	
0.03	
	
0.01	 0.00	
{sensorKy}	 -7.78	
	
-7.72	
	
-8.34	 -8.68	
σ	 0.01	
	
0.03	
	
0.01	 0.00	
lo
g	
fO
2	
Fe
90
Pd
10
	 {sensorHed}	
	 	 	 	
-7.84	 -8.93	
σ	
	 	 	 	
0.01	 0.00	
{sensorKy}	
	 	 	 	
-8.73	 -9.79	
σ	
	 	 	 	
0.01	 0.00	
lo
g	
fO
2	I
r	 {sensorHed}	
	
-8.41	 -6.07	
	 	 	σ	
	
0.09	 1.91	
	 	 	{sensorKy}	
	
-8.74	 -6.58	
	 	 	σ	 		 0.09	 1.91	 		 		 		
Grt	source	 layer	 layer	 layer	 layer	
	 	
Ac
tiv
iti
es
	 Gros	 0.0901	 0.0726	 0.0812	 0.0583	
	 	andr	 0.0005	 0.0008	 0.0008	 0.0008	
	 	alm	 0.0289	 0.0308	 0.0200	 0.0335	
	 	Hed	 0.1811	 0.0553	 0.0514	 0.1265	
	 	log	fO2	{Hed}	 -6.10	 -6.68	 -5.73	 -7.56	
	 	σ	 0.03	 0.00	 0.00	 0.06	
	 	log	fO2	{Ky}	 -4.97	 -7.41	 -6.53	 -6.54	
	 	σ	 0.03	 0.00	 0.00	 0.06	
	 	
lo
g	
fO
2	P
d	 {sensorHed}	 -5.93	 		 -7.23	 		 		 		
σ	 0.01	
	
0.03	
	 	 	{sensorKy}	 -7.84	
	
-7.76	
	 	 	σ	 0.01	
	
0.03	
	 	 	
lo
g	
fO
2	
Fe
90
Pd
10
	 {sensorHed}	
	 	 	 	 	 	σ	
	 	 	 	 	 	{sensorKy}	
	 	 	 	 	 	σ	
	 	 	 	 	 	
lo
g	
fO
2	I
r	 {sensorHed}	
	
-8.15	 -6.10	
	 	 	σ	
	
0.09	 1.91	
	 	 	{sensorKy}	
	
-8.38	 -6.62	
	 	 	σ	 		 0.09	 1.91	
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Notes:	Experimental	temperature	in	Kelvins,	pressure	in	kbar.	Kyanite	stability	in	experimental	
sample	(Yes);	no	presence	of	kyanite	in	a	sample	(No);	stable	corundum	(Corundum).	ΔGr	{Hed}	
is	the	free	Gibbs	energy	of	hedenbergite-based	oxybarometer	reaction	(Reaction	6.4)	and	ΔGr	
{Ky}	for	kyanite-based	one	(Reaction	6.6).	Activities	of	garnet	end-members,	Almandine	(aAlm)	
and	Grossular	(aGros),	are	evaluated	from	garnets	from	Matrix	(labelled	matrix)	and	garnet	layer	
(layer);	aHed	is	the	activity	of	hedenbergite.	Log	fO2	{Hed}	is	the	calculated	oxygen	fugacity	of	
experiment	with	hedenbergite-based	oxybarometer	reaction.	log	fO2	{Ky}	is	the	calculated	
oxygen	fugacity	of	experiment	with	kyanite-based	one. σ	is	the	standard	deviation	based	on	
ferric	to	total	iron	ratio	of	flank	method.		Log	fO2	(Pd)	are	the	calculated	oxygen	fugacity	of	
experiment	with	hedenbergite-based	{sensorHed}	and	kyanite-based	{sensorKy}	reactions	
from	Fe-Pd	alloy	with	starting	composition	of	pure	Pd,	(or	Fe90Pd10	or	Ir). σ	is	the	standard	
deviation	for	Fe	mole	fraction	in	Fe-Ir	and	Fe-Pd	alloys	and	log	fO2	estimate.		
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Table	8.1.	Composition	of	kyanite-bearing	eclogites	from	Udachnaya,	Yakutia,	Russia	
	
		 SiO2	 TiO2	 Al2O3	 Cr2O3	 FeO	 MnO	 MgO	 CaO	 Na2O	 Total	
UD-09-587	
	 	 	 	 	 	 	 	 	 	Garnet	 39.53	 0.05	 21.98	 0.03	 20.43	 0.41	 7.55	 10.19	 0.14	 100.38	
σ	 0.78	 0.04	 0.36	 0.06	 0.43	 0.04	 0.18	 0.14	 0.07	 1.60	
Clinopyroxene	 52.61	 0.37	 8.32	 0.11	 6.82	 0.03	 11.54	 16.29	 3.15	 99.31	
σ	 0.71	 0.08	 2.01	 0.07	 0.48	 0.05	 1.25	 1.49	 0.67	 0.52	
Coesite	 97.90	 0.00	 0.04	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 98.13	
σ	 4.96	 0.00	 0.06	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 4.81	
Kyanite	 37.89	 0.00	 63.92	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 101.81	
σ	 0.30	 0.00	 0.67	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.66	
Fe3+/ΣFe	of	garnet	=	0.03	
Garnet	Mg#=27	
	 	 	 	 	 	 	 	 	
UD-10-502	
	 	 	 	 	 	 	 	 	 	Garnet	 40.94	 0.75	 22.62	 0.01	 12.18	 0.19	 13.11	 10.20	 0.28	 100.28	
σ	 0.75	 0.15	 0.31	 0.03	 0.51	 0.09	 0.74	 0.59	 0.06	 1.61	
Clinopyroxene	 56.66	 0.27	 16.08	 0.02	 1.77	 0.00	 6.44	 10.81	 7.66	 99.86	
σ	 0.67	 0.06	 0.16	 0.04	 0.11	 0.02	 0.09	 0.16	 0.11	 1.07	
Kyanite	 36.93	 0.00	 62.62	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 100.03	
σ	 0.39	 0.06	 0.62	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.91	
Coesite	 99.19	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 99.36	
σ	 0.76	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.00	 0.62	
Fe3+/ΣFe	of	garnet	=	0.01	
Garnet	Mg#=51	
	
	
Note:	Composition	is	given	as	average	of	multisport	analyses	with	SEM.	Uncertainty	is	
standard	deviation	of	multisport	analyses.																				
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Table	8.2.	Calculation	of	garnet	and	clinopyroxene	activities	and	oxygen	fugacities	of	
kyanite-bearing	eclogite	xenolith	from	Udachanya,	Yakutia,	Russia.	
	
Garnet	 XCa	 XFe	 XMg	 XAl	 XFe	
	 	 	 	 	
	 dodecahedral	 octahedral	
	 	 	 	 	UV-09-587-Garnet	 0.28	 0.43	 0.29	 0.98	 0.02	
	 	 	 	 	UV-10-502-Garnet	 0.27	 0.25	 0.48	 0.99	 0.01	
	 	 	 	 		
	 ΔGideal	J/mol	 ΔGexcessdodec	J/mol	 ΔGexcessReciprocal	J/mol	 	
	
Gros	 Andr	 Alm	 Gros	 Andr	 Alm	 Gros	 Andr	 Alm	
	UV-09-587-Garnet	 -39574	 -120482	 -26666	 2223	 2223	 -233	 -556	 28167	 -443	
	UV-10-502-Garnet	 -44773	 -151397	 -48008	 3042	 3042	 -332	 -265	 28913	 -273	
		
	
ΔGGros	 ΔGAndr	 ΔGAlm	 aGrossular	 aAndradite	 aAlmandine	
	 	 	 	
	
J/mol	 J/mol	 J/mol	 	 	 	
	 	 	 	UV-09-587-Garnet	 -33462	 -85647	 -27807	 0.04	 0.00	 0.07	
	 	 	 	UV-10-502-Garnet	 -35913	 -113360	 -49276	 0.04	 0.00	 0.01	
	 	 	 		
	 M2	 M1	 T	 	 	
Clinopyroxene	 XCa	 XMg	 XNa	 XAl	 XMg	 XFe	 XAl	 XSi	
	 	
	 	 	 	 	 	 	 	 	
	 	UV-09-587-Cpx	 0.74	 0.00	 0.26	 0.28	 0.53	 0.19	 0.04	 0.96	
	 	UV-10-502-Cpx	 0.43	 0.02	 0.55	 0.63	 0.32	 0.05	 0.01	 0.99	
	 		
	
ΔGideal	 ΔGexcessM2	 ΔGexcessM1	 ΔGexcessReciprocal	 ΔGHed	 aHedenbergite	
	 	
	
J/mol	 J/mol	 J/mol	 J/mol	 J/mol	 	
	 	 	UV-09-587-Cpx	 -21007	 634	 2212	 -5256	 -23417	 0.1031	
	 	 	UV-10-502-Cpx	 -43576	 6401	 9552	 -13400	 -41023	 0.0270	
	 	 		
Sample	 Kd	
T,	K	
(Krogh,1988)	 P,	kbar	
ΔG	[Hed]	
J/mol	
ΔG	[Ky]	
J/mol	
	UV-09-587	 4.19	 1240	 30	 -153808	 -135912	
	UV-10-502	 4.48	 1366	 30	 -119148	 -106996	
	
Sample	 agrossular	 aandradite	 aalmandine	 aHedenbergite	
Log	fO2	
[Hed]	
Log	fO2	
[Ky]	
UV-09-587	 0.0389	 0.0002	 0.0674	 0.1031	 -8.69	 -8.56	
UV-10-502	 0.0423	 0.0000	 0.0131	 0.0270	 -5.55	 -7.50	
Note:	Xi		are	mole	fraction	cation	i	in	position	of	garnet	or	clinopyroxene	crystal	structure.	
Gros,	Alm,	Andr	–	are	Grossular,	Almandine	and	Andradite;	Hed	is	Hedenbergite.	ΔGideal		is	the	
ideal	energy	of	mixing	of	component;	ΔGexcessy	is	the	excess	energy	of	mixing	in	the	position	y;	
ai	is	the	activity	of	component	i;	Kd	is	the	distribution	coefficient;	Temperature	(Kelvins)	is	
calculated	by	geothermometer	(Krogh,	1988);	Pressure	in	kbars	is	model;	ΔG	[Hed]	is	the	free	
Gibbs	energy	of	hedenbergite-based	oxybarometer	reaction;	ΔG	[Ky]	is	the	free	Gibbs	energy	
of	kyanite-based	oxybarometer	reaction;	Log	fO2	[Hed]	and	Log	fO2	[Ky]	are	oxygen	fugacities	
calculated	by	those	reactions	
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Table	8.5.	Oxygen	fugacity	calculation	of	eclogite	xenoliths	from	Udacnhaya	kimberlite	
pipe	and	the	model	DCDD/G	reaction.	
Phase	 K-28-02 σ	 UD-172-02	 σ	 UE-1-06	 σ	 UDR-208-02	 σ	
P(kbar)	 40	 5	 40	 5	 20	 5	 50	 5	
T(oC)	 989	 21	 990	 20	 556	 11	 1103	 18	
XAl	(Cpx)	 0.09	 0.34	 0.16	 0.62	
XMg	(Cpx)	 0.83	 0.56	 0.78	 0.34	
XFe	(Cpx)	 0.09	 0.11	 0.07	 0.04	
XCa	(Grt)	 0.12	 0.15	 0.38	 0.34	
XFe	(Grt)	 0.20	 0.31	 0.41	 0.23	
XMg	(Grt)	 0.69	 0.54	 0.21	 0.44	
	ΔGHed	 -30400 -33293 -28332 -45621
ΔGDiop	 -4071 -9586 -3116 -16494
aHed	 0.058 0.044 0.017 0.019
aDiop	 0.683 0.407 0.640 0.241
	ΔGGros	 -49061 -45631 -14638 -32292
ΔGAndr	 -92913 -101861 -45421 -139844
ΔGAlm	 -55653 -37828 -20584 -54370
aGros	 0.011 0.014 0.123 0.071
aAndr	 0.00020	 0.00007	 0.00150	 0.00001	
aAlm	 0.006	 0.029	 0.053	 0.012	
	logfO2	[Hed]	 -6.93
	
-7.22
	
-13.85
	
-5.67
ΔlogfO2	(FsMC)	 -0.62	 0.24 -0.92	 0.20 3.67	 0.40	 -2.43	 0.13
aDol	 0.07 0.07 0.07	 0.07
ΔlogfO2	[DCDD]	 -0.76 -0.65 -0.90 -0.44
Note:	Pressure	in	kbars,	Temperature	in	oC;	σ	is	the	uncertainty;	Xi	is	the	mole	fraction	of	
cation	i,	for	clinopyroxene	cations	are	for	position	M1,	for	garnet	–	dodecahedral	position;	ΔGx	
is	the	Gibbs	energy	of	component	x;	ax	is	the	calculated	activity	of	component	x;	logfO2	
[Hed]	is	the	oxygen	fugacity	derived	with	hedenbergite-based	oxybarometer	reaction	
(Equation	6.4),	ΔlogfO2	(FsMC)	is	the	same	logfO2	normalised	to	ferrosilite-magentite-coesite	
(Luth,	1993);		aDol	–	the	activity	of	dolomite;	ΔlogfO2	[DCDD]	–	normalised	to	FsMC	buffer	logfO2 
of	DCDD/G	reaction	(Luth,1993).	
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Phase	 UD-28-05	 σ	 UD-107*	 σ	 UD-09-05	 σ	 UD-45-02	 σ	
P(kbar)	 35	 5	 43	 5	 20	 5	 45	 5	
T(oC)	 1051	 19	 969	 0	 798	 19	 1043	 21	
XAl	(Cpx)	 0.34	 0.22	 0.12	 0.08	
XMg	(Cpx)	 0.57	 0.70	 0.83	 0.82	
XFe	(Cpx)	 0.09	 0.08	 0.05	 0.10	
XCa	(Grt)	 0.21	 0.08	 0.11	 0.15	
XFe	(Grt)	 0.28	 0.20	 0.16	 0.21	
XMg	(Grt)	 0.51	 0.73	 0.74	 0.64	
	ΔGHed	 -33861 -33859 -33044 -30827
ΔGDiop	 -9398 -6577 -3112 -4190
aHed	 0.044 0.040 0.023 0.068
aDiop	 0.421 0.535 0.701 0.694
	ΔGGros	 -39673 -55155 -35039 -47973
ΔGAndr	 -115161 -136880 -92365 -101342
ΔGAlm	 -43426 -49968 -52669 -54041
aGros	 0.029 0.005 0.021 0.015
aAndr	 0.00003	 0.00000	 0.00004	 0.00014	
aAlm	 0.020	 0.009	 0.003	 0.009	
	logfO2	[Hed]	 -7.01 -10.25
	
-10.64
	
-6.77
	ΔlogfO2	(FsMC)	 -1.82	 0.17 -3.84	 0.25 -0.43	 0.34 -1.47	 0.21
aDol	 0.07 0.07 0.07 0.07
ΔlogfO2	[DCDD]	 -0.61 -0.68 -0.85 -0.72
Table	8.5.	Oxygen	fugacity	calculation	of	eclogite	xenoliths…	(continue)	
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Phase	 UD-13-07	 σ	 UD-17-02	 σ	 UD-210-02	 σ	 UD-111-02*	 σ	
P(kbar)	 33	 5	 55	 5	 42	 5	 50	 5	
T(oC)	 828	 19	 1238	 22	 1013	 18	 1090	 23	
XAl	(Cpx)	 0.29	 0.41	 0.30	 0.37	
XMg	(Cpx)	 0.59	 0.46	 0.52	 0.50	
XFe	(Cpx)	 0.12	 0.14	 0.18	 0.13	
XCa	(Grt)	 0.12	 0.17	 0.26	 0.10	
XFe	(Grt)	 0.37	 0.35	 0.44	 0.33	
XMg	(Grt)	 0.52	 0.48	 0.31	 0.57	
	ΔGHed	 -30988 -34945 -24698 -31850
ΔGDiop	 -7448 -14639 -10373 -11750
aHed	 0.036 0.065 0.102 0.063
aDiop	 0.449 0.317 0.384 0.361
	ΔGGros	 -43553 -55914 -37788 -62542
ΔGAndr	 -73967 -126705 -84518 -128784
ΔGAlm	 -29080 -40793 -28749 -36732
aGros	 0.009 0.012 0.031 0.004
aAndr	 0.00035	 0.00005	 0.00041	 0.00001	
aAlm	 0.044	 0.041	 0.070	 0.041	
	logfO2	[Hed]	 -8.38
	
-4.68
	
-7.13
	
-7.49
	ΔlogfO2	(FsMC)	 1.05	 0.28	 -2.07	 0.12 -1.26	 0.18 -3.05	 0.16
aDol	 0.07	 0.07 0.07 0.07
ΔlogfO2	[DCDD]	 -0.73 -0.44 -0.62 -0.53
Table	8.5.	Oxygen	fugacity	calculation	of	eclogite	xenoliths…	(continue)	
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A. Experimental	assembly	of	piston-cylinder	experiments	at	P=35-60	kbars
All	experiments	were	conducted	using	a	low	friction,	½	inch	pressure	assembly,	which	
consist	of:	
• Metal	capsule:	platinum	or	gold-palladium	alloy.
• MgO	 spacers	 to	 separate	 the	 thermocouple	 from	 the	 metal	 capsule	 and	 to
isolate	the	capsule	from	the	heater.
• Hardened	steel	top	plug	and	the	bottom	graphite	disc	to	conduct	the	electricity
to	the	heater.	A	pyrophyllite	sleeve	as	an	electrical	insulator	surrounds	the	top
plug.
• Graphite	 tube	 heater	 with	 graphite	 disc	 at	 the	 bottom,	 the	 temperature	 of
which	is	monitored	by	the	thermocouple	.
• In	 experiments	 below	 T=1200	 oC	 a	 NaCl	 sleeve	 was	 used	 to	 transfer	 the
pressure	 to	 the	 assembly	 and	 supply	 the	 pressure	 medium.	 At	 high
temperature	experiments	Pyrex	sleeve	was	used	between	graphite	heater	and
salt	sleeve	as	a	thermal	insulator.	Salt	sleeves	were	fired	before	use	to	decrease
friction	and	voids	between	salt	crystals.
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B. Sample	preparation	for	XANES	experiment:	Ultra-thin	polishing
The	principle	of	sample	preparation	is	pre-polished	on	one	side	sample	to	be	glued	to	
the	 glass	 slide,	 or	 other	 Fe-free	 material.	 The	 glue	 should	 be	 free	 of	 Fe	 and	 other	
additional	 elements,	 and	 ideally	 should	 be	 organic	 and	 have	 relatively	 high	melting	
point.	The	melting	point	of	the	glue	should	be	not	too	low	to	prevent	melting	because	
of	the	heat	produced	by	friction	during	the	polishing,	and	not	too	high	to	not	destroy	
the	sample	impregnated	by	epoxy	during	the	fixing	to	the	glass	slide	process.	Another	
important	mechanic	property	required	for	the	glue	is	brittleness.	The	epoxy	glue	is	too	
fragile	and	often	can	cause	the	loss	of	parts	of	a	sample.		
We	 used	 QuickSticktm	 135	 temporary	 mounting	 wax,	 because	 it	 has	 all	 required	
properties.	 This	 thermoplastic	 polymer	has	 softening	point	 at	 71	 oC	 and	 the	melting	
point	about	135oC,	or	the	point	material	starts	to	flow.	Another	useful	property	of	the	
material	is	dissolution	in	acetone.	This	can	make	an	ultra-thin	experimental	sample	to	
be	easily	prepared	for	analysis	in	transmission	mode,	e.g.	IR	spectroscopy	or	TEM.	
First	 of	 all	 the	polished	 sample	 in	 an	epoxy	button	mount	 after	microprobe	analysis	
was	 searched	 for	 the	 area	 of	 interest	 throughout	 the	 sample.	 Each	 sample	was	 cut	
transversely	 and	 roughly	 polished	 to	 have	 a	 thickness	 around	 1-2mm.	 The	 area	 of	
interest	 for	 XANES	 spectroscopy	 was	 separated	 from	 other	 part	 of	 the	 sample	 by	
cutting	with	an	wire	saw	(thickness	of	the	thread	is	50	μm).	The	preserved	part	of	the	
sample	was	mounted	again	in	epoxy	and	saved	for	another	round	of	analysis.	
The	 polished	 side	 of	 the	 separated	 part	was	 cleaned	with	 ethanol	 and	 glued	 to	 the	
glass	 slide	 with	 the	 mounting	 wax	 at	 T=90oC.	 After	 some	 time	 when	 the	 glue	 is	
hardened	and	the	sample	 is	 settled,	each	sample	was	carefully	polished	on	diamond	
wheel	with	water	 and	 SiC	 as	 an	 adhesive	polisher.	 	 The	polishing	process	 requires	 a	
special	 attention,	 because	 an	 experimental	 sample	 has	 capsule	 materials	 with	 a	
significant	difference	in	density	and	brittleness.	The	impregnated	by	epoxy	carbonate-
bearing	eclogite	sample	in	graphite	capsule	and	platinum	external	capsule	makes	the	
polishing	process	extremely	challenging.	The	polishing	on	the	diamond	wheel	has	two	
steps:	rough	polishing	with	40	μm	SiC	powder	to	bring	the	thickness	of	the	sample	to	
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100	 μm,	 and	 with	 15	 μm	 SiC	 powder	 until	 the	 thickness	 of	 material	 will	 reach	 30	
microns.		
The	 last	 step	 of	 the	 preparation	 is	 polishing	 on	 diamond	 lap	 with	 3	 μm	 and	 1	 μm	
diamond	 paste	with	 low	 polishing	 velocity	 to	 prevent	 friction	 heating.	 The	 polishing	
time	with	3	μm	paste	varied	between	20	and	40	minutes	depending	on	a	roughness	of	
the	material	surface.	The	polishing	with	1	μm	was	finalizing	part	to	have	absolutely	flat	
sample	 surface	 (Figure	 4.8).	 At	 each	 stage	 the	 sample	 was	 cleaned	 with	 petroleum	
kerosene	 to	prevent	dissolution	of	a	mounting	wax	and	 impregnated	material	 in	 the	
sample.	
Figure	4.8.	Double-polished	thin	section	of	experimental	capsule.	The	thickness	of	the	
sample	 is	30	μm.	The	sample	 is	 in	 the	middle	and	crossed	with	 red	 line.	The	area	of	
interest	(Grt	layer)	is	around	150	μm		above	the	red	line.		
